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Abstract 
Measurements of initial susceptibility, remanent magnetisations and hysteresis loops 
have been carried out at room temperature on a range of characterised iron oxides and 
sulphides in order to attempt qualitative and quantitative identification of the individual 
minerals. The minerals studied were magnetite, titanomagnetite, haematite, pyrrhotite 
and greigite. It was found to be possible to qualitatively identify all the minerals (ex-
cept titanomagnetites from magnetites) from each other using simple susceptibility and 
remanence ratios. Using discrirninant analysis on both the remanence and hysteresis 
loop data, it was found to be possible to also distinguish the titanomagnetites from the 
magnetites purely on the basis of the room temperature measurements. The hysteresis 
loop data have been used in the development of least squares minimisation algorithms. 
Two rninimisation methods have been devised. In the first method the end-members are 
the hysteresis loops of different minerals and different domain states (e.g. multi-domain 
magnetite and single-domain greigite). Each mineral used shows distinct hysteresis 
characteristics allowing a maximum of ten components to be identified. The algorithm 
for the first time is able to reliably quantify paramagnetic components in natural sam-
ples. It can also distinguish between superparamagnetic and multi-domain magnetite 
using only room temperature hysteresis loop data. Secondly sediment sources (e.g. top-
soils and subsoils) have been used to unmix natural sediments. The newly developed 
qualitative and quantitative methods have been applied to a range of sites. 
Suspended river sediments from Jackmoor Brook have been unmixed in terms of 
catchment topsoil and subsoil end-members. On average the sediments were found to 
contain approximately 12% subsoil. Mineral unmixing of catchment soils from Lake 
Bussjö, Sweden, show a very good distinction between different particle size fractions 
on the basis of their paramagnetic component. Unmixing of lake sediments from Lake 
Bussjö suggests that magnetite dissolution has occured in the lower part of the lake 
sediment sequence. Magnetic measurements were carried out on a range of soil types 
(e.g. natural and Iron Age soils) from an archaeological site on Papa Westray, Orkney. 
Discriminant analysis successfully highlighted differences between the soil types. Min-
eral unmixing of the Papa Westray soils and also soils from the archaeological site 
Kissonerga-Mosphilia, Cyprus indicate that the dominant magnetic domain state in the 
samples is superparamagnetic. The use of three independent magnetic identification 
techniques (qualitative, quantitative and thermomagnetic) have confirmed the presence 
of both magnetite and pyrrhotite grains in deep crustal rocks from the German KTB 
pilot borehole core. 
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Chapter 1 
Introduction 
constricted loops ... form one beautiful magnetic phenomenon that every solid state 
physicist, geohysicist and geologist must observe and enjoy!" 
Radhakrishnamurty (1993) 
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1.1 Background 
Mineral magnetism has great potential in geological and environmental studies. De-
tection and characterisation of palaeoenvironmental changes can be found from the 
magnetic measurements of deep-sea sediments e.g. Robinson (1986) and Bloemendal et 
al. (1988), and also from bess e.g. Kukia et al. (1988), Lui et al. (1993) and Forster 
& Heller (1994). Estuarine and lake sequences can be used to study changing erosion 
patterns e.g. Flower et al. (1984) and Dearing et al. (1990). Applications of mineral 
magnetism in archaeology are currently being explored e.g. Tite & Linington (1986) 
and FaBbinder & Stanjek (1993). Mineral magnetic studies of deep crustal rocks are 
attempting to identify the source of the missing crustal magnetisation e.g. Schlinger 
(1985), Shive & Fountain (1988), and Pohi et al. (1991). 
As rocks contain mixtures of magnetic minerals, mainly iron oxides and suiphides, of 
varying grain sizes and concentrations they can store a large quantity of magnetic infor-
mation. In order to obtain as much information as possible from the magnetic properties 
of rocks, better methods of discriminating between the constituent magnetic minerals 
and grain sizes, along with quantitative techniques for estimating the concentrations of 
the magnetic minerals in rocks, are required. 
Magnetic measurements are very useful as they are rapid, non-destructive, sensi-
tive and can be used on a variety of rock types. Susceptibility measurements are the 
easiest to measure and most frequently used magnetic measurements. Recent develop-
ments in instrumentation now enables on site measurement of susceptibility. Remanent 
magnetisation data has been used in combination with susceptibility data to look at 
variations in mineralogy and domain state e.g. Snowball (1991). Quantitative unmixing 
techniques have been developed using susceptibility and remanent magnetisation data 
e.g. Thompson (1986) and Yu & Oldfield (1993). 
In this research new quantitative unmixing techniques are developed using hystere-  - 
sis loop data. Hysteresis ioops were first measured by Ewing (1885). In the last 40 
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years as the interest in mineral and environmental magnetism has grown, so has the 
use of hysteresis loop measurements. Various methods have been developed for the 
classification of hysteresis loops from the simple biplot method of Day et al. (1977) 
to the more complex Jiles/Atherton parameterisation (Jiles 1991). Experimental and 
theoretical addition and mixing of hysteresis loops were first carried out by Meiklejohn 
(1953) and Bean (1955). Despite this research being carried out over 40 years ago very 
little subsequent research has focused on the mixing of hysteresis loops. It is only in 
very recent years that Pick & Tauxe (1994) have looked at mixing hysteresis loops to 
try to determine the nature of the grains in submarine basaltic glasses. In the last five 
years research into unmixing hysteresis loop data has been more active. Fourier analysis 
of hysteresis loop data was carried out by Jackson et al. (1990). By analysing differ-
ence and summed curves of hysteresis loop data von Dobeneck (1992) has developed an 
unmixing technique which can quantify different magnetic components. His technique 
has been applied to deep sea sediments. The full potential of using hysteresis ioops for 
quantitative identification purposes in mineral and environmental magnetic studies has 
yet to be realised. 
1.2 Aims of the Present Study 
The magnetic concentration, grain size and mineral type within natural rocks, sediments 
and soils have important implications for the history and nature of the material being 
studied. No previous attempts have been made to fully characterise and discriminate 
between the different magnetic minerals commonly found in natural samples. 
• The first aim of this research is to study the magnetic properties of natural well 
characterised magnetic minerals from a range of commonly used room temperature 
magnetic measurements. It is hoped that significant differences can be observed 
in the room temperature magnetic measurements and hence allow a clear discrim-
ination between the studied minerals. 
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• The second aim is to select magnetic measurements/parameters which highlight 
most clearly the differences between the magnetic minerals and use these to 
develop rapid, room temperature based, qualitative and computationally based 
quantitative magnetic mineral identification techniques. 
• The final aim of the study is to apply the newly developed techniques to a range of 
geologically and environmentally interesting sites. Examples of river catchments, 
lake catchments, archaeological sites and also deep crustal rocks are to be studied 
using the new qualitative and quantitative magnetic techniques. 
1.3 Theory of Magnetism 
The basic theory of magnetism on which this research is based has been described in 
many books e.g. Chikazumi (1964), Stacey & Banerjee (1974), O'Reilly (1984), Thomp-
son & Oldfield (1986) and Jiles (1991). A brief summary of the main points relevant to 
this study are given below. 
There are various different types of magnetism, which all originate from, and are 
classified by, the movement of electrons, either electron spins or orbital motion. 
1.3.1 Dia- and Paramagnetism 
The change in orbital motion of electrons in a magnetic field gives rise to diamagnetism. 
The applied magnetic field causes changes in the velocity of electrons such that the 
induced magnetisation opposes the applied field. Hence the susceptibility of diamagnetic 
materials is negative. Of all the types of magnetism, diamagnetism is the weakest. In 
the presence of any other type of magnetism, diamagnetism will not be observed. On 
removal from the magnetic field diamagnetism is lost. Diamagnetism is independent 
of temperature. The majority of the elements in the periodic table including copper, 
gold and silver are diamagnetic. Many common minerals found at the Earth's surface, 
including feldspar and quartz, are diamagnetic, as is water. 
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The ordering of spin magnetic moments and their alignment parallel to an applied 
magnetic field produces paramagnetism. Similarly to diamagnetism, on the removal 
of the magnetic field paramagnetism is lost. Unlike diamagnetism, paramagnetism is 
dependent on temperature. As temperature increases thermal agitation increasingly 
dominates over magnetic ordering and paramagnetism is gradually lost. This relation-
ship is known as Curie's Law. Just as diamagnetism is swamped by paramagnetism, 
paramagnetism is in turn swamped by ferromagnetism. Examples of paramagnetic ele-
ments are aluminium and platinum. Olivine and biotite are two common paramagnetic 
minerals. 









Figure 1.1. Ordering of magnetic moments and net magnetisations. After Thompson 
and Oldfield, 1986. 
It is the materials which do not lose their magnetism on removal from a magnetic field i.e. 
they have a remanent magnetisation, which are of most interest in environmental mag-
netism. These are the materials which exhibit ferro- and ferrimagnetism. These types 
of magnetism arise from exchange interactions, which allow the ordering of magnetic 
moments between neighbouring atoms. Figure 1.1 shows four different types of ordering 
Chapter 1. Introduction 	 6 
and their net magnetisations. In ferromagnetic materials all the magnetic moments are 
aligned parallel to each other producing a large net magnetisation. In ferrimagnetic ma-
terials there are two magnetic sub-lattices in which the magnetisations are of different 
magnitudes and are anti-parallel producing a small net magnetisation. In antiferromag-
netic materials there are also two anti-parallel sub-lattices, however the magnitudes of 
these are the same and so they produce no net magnetisation. Spin canting modifies 
such antiferromagnetic ordering to produce canted-antiferromagnetism in which there 
is a small net magnetisation. Iron is an example of a ferromagnet. Magnetite is a 
ferrimagnet, troilite is an antiferromagnet and haematite is a canted-antiferromagnet. 
1.3.3 Superparamagnetism 
Very small ferro- or ferrimagnetic grains exhibit superparamagnetism. These grains 
have thermal energies similar to their magnetic energies at room temperature. As a 
result of these thermal energies the direction of magnetisation is continually changing, 
thus it is very unstable and hysteresis is not observed. The variation of magnetisation 
with changing field values is given by Equations 1.1 and 1.2. 
tha—--  






and v is the volume, I is the saturation magnetisation, H is field, k is Boltzmann's 
constant and T is temperature (Chikazumi 1964). 
Chapter 1. Introduction 	 7 
1.3.4 Hysteresis and Remanence 
The procedure by which a ferromagnet can acquire a remanent magnetisation can be 
explained by the phenomenon of hysteresis. Referring to Figure 1.2 if an originally un-
magnetised ferromagnet is placed in a small magnetic field it acquires a magnetisation. 
If the field is subsequently removed the magnetisation is lost, similar to a paramagnet. 
However beyond a certain field, on removal from that field the magnetisation does not 
go back to zero, a remanent magnetisation has been acquired. The change in mag-
netisation lags behind the change in the field. This phenomenon is known as magnetic 
hysteresis. As an increasingly larger field is applied the magnetisation follows the initial 
magnetisation curve shown in Figure 1.2. There comes a point when an increase in 
the applied field produces no increase in magnetisation. Saturation has been reached. 
Cycling the field so that saturation is then reached in the opposite direction and back 










Figure 1.2. Hysteresis loop : main features and parameters. (See Section 1.5.4 for a 
description of the parameters.) 
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1.3.5 Variation of magnetisation with temperature 
At room temperature the magnetic energy of ferromagnetic grains is dominant over 
the thermal energy. As temperature is increased the thermal energy becomes more 
important. At a certain temperature, the Curie temperature (Ta ), which is dependent 
on mineralogy, the thermal energy finally dominates over the magnetic energies and the 
sample effectively looses its magnetisation. This loss of magnetisation usually occurs 
over a restricted temperature range. 
1.3.6 Variation of magnetisation with grain size 
As already mentioned very small grains exhibit superparamagnetic characteristics in 
which thermal energies are similar to magnetic energies. As magnetic grains increase in 
size, their magnetic energies dominate over the thermal energies. Within these grains 
are regions called domains which are magnetised uniformly in one direction. Grains 
which are slightly larger than superparamagnetic (SPM) size show an overall uniform 
direction of magnetisation. These grains contain only one domain and are referred to as 
single-domain (SD). As the grain size increases the various magnetic energies compete 
to produce an overall lower total energy. It is a result of this competitive process 
that domains, separated by domain (or Bloch) walls, form. Grains slightly larger than 
SD grains are referred to as pseudo-single-domain (PSD). The domain structure of 
these grains is uncertain and is the subject of current micromagnetic calculation studies 
e.g. Wright (1995). Grains which contain ten or more domains are referred to as true 
multi-domain (MD) grains. The two important magnetic grain size boundaries are 
the boundary between the SPM and SD grains and the boundary at which true MD 
behaviour is observed. These boundaries vary for different minerals and in some cases 
the exact grain sizes at which the boundaries occur are still uncertain. 
The different domain states (SPM, SD, PSD, MD) exhibit different magnetic char- 
acteristics. In the presence of a magnetic field the magnetisation of SPM grains can 
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become aligned in the direction of this field and a magnetisation is observed. On re-
moval of the field the thermal energies reorientate the magnetisation and no remanent 
magnetisation is observed. In comparison SD grains have a very stable magnetisation. 
In the presence of an applied field the domain walls within MD grains move to allow the 
magnetisation to be orientated in the direction of the field. On removal of the field the 
domains reform with different orientations until a minimum in the total energy is found. 
This minimum will not be that of the original unmagnetised state, some of the domains 
will still be orientated in the direction of the field, hence a weak remanent magnetisation 
is observed. Overall it is easy to magnetise and demagnetise MD grains, and hard to 
alter the magnetisation of SD grains. PSD grains show a continual variation between 
the SD and MD characteristics. 
1.4 Magnetic Minerals 
Iron is a very common element in the Earth. In the crust it is mainly found as oxides, 
hydroxides or suiphides. These minerals can either have magnetic or non-magnetic 
forms. As a result of all the surface processes e.g. weathering, metamorphism and 
deposition, the minerals can be altered from non-magnetic forms to magnetic forms 
and vice-versa. The formation and alteration of the iron compounds is therefore very 
complicated and not yet fully understood. In this section a brief introduction is given 
to the most common natural magnetic minerals. 
1.4.1 Iron Oxides 
Magnetite (Fe304 ) is probably the most common of all the magnetic minerals in its 
abundance in sediments, soils and rocks. It is also the magnetic mineral which has been 
studied in most detail. It has a cubic inverse spinel structure and is ferrimagnetic. It is 
the strongest of all the common natural magnetic minerals. 
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Titanomagnetites (Fe3_TiO4 0 < x < 1) are members of the solid solution 
series between magnetite (Fe304 ) and ulvöspinel (Fe2 TiO4 ). Ulvöspinel itself is para-
magnetic at room temperature. The magnetic properties (e.g. Curie temperature or 
saturation magnetisation) of the titanomagnetites vary between those of ulvöspinel and 
magnetite depending on the titanium content. The titanomagnetites crystallize in the 
spinel structure and are ferrimagnetic. Generally a titanomagnetite composition of e.g. 
Fe2 4Ti 0 , 604 is simply refered to as x=0.6 or TM60. 
Haematite (aFe203 ) forms in the corundum structure and is basically antifer-
romagnetic. However due to spin-canting a small net magnetisation is observed. In 
comparison to magnetite it is a very weak magnetic mineral. It is the most stable of the 
iron oxides and it also has the highest Curie temperature. Very fine grained haematite 
is believed to be responsible for the magnetisation of red beds and similar sediments. It 
is also common in acidic igneous rocks. 
Maghaemite (7Fe2 03 ) has the same composition as haematite, but the cubic 
structure of magnetite. It has similar magnetic properties to magnetite, with a slightly 
lower saturation magnetisation and higher Curie temperature. In general its presence 
is an indication of low-temperature oxidation of magnetite and also weathering. It 
occurs in red sandstones, basalts and soils ((5zdemir 1990). On heating above 300°C it 
generally inverts to haematite (Thompson & Oldfield 1986). 
Titanohaematites (Fe2 _TiO3 0 < x < 1) form solid solutions between haematite 
(cEFe203 ) and ilmenite (FeTiO3 ), which behaves paramagnetically at room tempera-
ture. The series has a corundum structure similar to haematite. The magnetic behaviour 
differs depending on the composition. ilmenite (x > 0.9) is antiferromagnetic. Compo-
sitions with 0.9 > s > 0.45 are strongly ferrimagnetic and haematite with x < 0.4 is 
canted-antiferromagnetic (Tarling 1983). 
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1.4.2 Iron Hydroxides 
Goethite (ciFeOOH) is the most stable iron hydroxide. It is basically antiferromag-
netic, but has an additional weak ferromagnetism. It has an orthorhombic structure 
and is unstable on heating in air, converting to haematite. The other iron hydrox-
ides, lepidocrocite (7Fe00H), akagenite (J3FeOOH) and feroxyhyte (5FeOOH) are 
all paramagnetic at room temperature (Tarling 1983). They do however dehydrate to 
maghaemite and haematite. 
1.4.3 Iron Suiphides 
Pyrrhotite (Fe1 _S 0 < x < 0.13) is the most important iron sulphide. Only cer-
tain values of x appear to be possible (O'Reilly 1984) and the magnetic properties vary 
depending on the composition. Monodinic pyrrhotite (Fe7S8 ) is ferrimagnetic. The 
hexagonal pyrrhotites (Fe9S10 ), and also possibly (Fe10S11 ) and (Fe11 S12 ), are more 
complicated. They are antiferromagnetic at room temperature. At temperatures above 
the -y-transition they alter to become ferrimagnetic. Overall hexagonal pyrrhotites have 
very distinct thermomagnetic properties (cf Section 2.1). Pyrrhotites are found in rnag-
matic, metamorphic and sedimentary rocks. 
Greigite (Fe3 S4 ) is also an important iron suiphide, although it is only in recent 
years that the importance and occurence of this mineral have been noted e.g. Snowball 
(1991) and Hoffmann (1992). Greigite is found in lake and marine sediments, and also 
soils. Griegite is the suiphide analogue of the iron oxide magnetite. It has a cubic 
structure and decomposes on heating. 
Troilite and smythite are two less common iron suiphides. Troilite (FeS) has a 
monocinic structure and is a prefect antiferromagnet, hence it exhibits no magnetisa-
tion. It is found in extra-terrestrial rocks (Tarling 1983). Very little is known of the 
magnetic propeties of smythite ((Fe, Ni) 9 S 11 ). Recent literature, Hoffmann (1992) 
and Krs et al. (1992) still refer to work carried out 30 to 40 years ago in which it is 
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stated that smythite "could be strongly magnetic" (Erd et al. 1957, Chukhrov et al. 
1965). Recent work (Rochette et al. 1994) indicates that it has a monocinic structure 
and it decomposes on heating with a characteristic curve, different from that of greigite. 
1.5 Magnetic Measurements 
All the measurements carried out in this study are based on inducing or growing mag-
netisations in the laboratory. It is possible to induce and grow laboratory magnetisations 
in various ways. The methods used in the present study are briefly described below. 
Further details regarding the methods and instrumentation can be found in Coffinson 
(1983) and Thompson & Oldfield (1986). 
1.5.1 Magnetic Susceptibility 
Magnetic susceptibility is the most commonly measured magnetic parameter due to 
the ease and rapid nature of the measurement. Magnetic susceptibility is a measure of 
how easily a material can be magnetised. It gives a rough indication of the magnetic 
concentration. Initial magnetic susceptibility is defined to be the ratio of the induced 
magnetisation to the applied magnetic field. The volume susceptibility, k, is dimension-
less in SI units. Alternatively on a specific basis, the mass susceptibility, x, is measured 
in 1am3 kg 1 . Specific susceptibility is used throughout the present study. A Bartington 
susceptibility bridge (sensor type MS1B) and a Digico susceptibility bridge were used 
to measure initial magnetic susceptibility. The calibration of the bridges were checked 
using a standard sample of ammonium ferrous sulphate ((NH4 ) 2 Fe(SO4 ) 2 .6H20). Ad-
ditional measurements of susceptibility at either different frequencies or temperatures 
(-200°C to 700°C) can help to determine the mineralogy or domain state of natural 
samples. 
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1.5.2 Anhysteretic Remanent Magnetisations 
Anhysteretic remanent magnetisations, ARMs, are grown by superimposing a small 
direct field onto a larger smoothly decreasing alternating field. In this study an al-
ternating field (a.f.) Of 99mT was superimposed on a direct field of 0.1mT using an 
adapted Molyneux AC Demagnetiser. A Molspin fiuxgate magnetometer (calibrated 
using a standard sample of magnetic tape of known magnetic moment) was used to 
measure the remanent magnetisations. The ARM gives an indication of the magnetic 
concentration. Further information can be obtained by stepwise a.f. demagnetisation of 
the initial ARM (SARM). In this study demagnetisation was carried out in alternating 
fields of 5, 10, 20, 40, 80 and 99mT. The remanent magnetisations were normalised 
with respect to SARM for plotting against the corresponding field values. A typical 
SARM demagnetisation curve is shown in Figure 1.3 (a). The median destructive field, 
MDFARM, as shown in Figure 1.3 (a), is defined as the field required to remove half of 
SARM. 
1.5.3 Isothermal Remanent Magnetisations 
Isothermal remanent magnetisations, IRMs, are grown by placing a sample in a direct 
field and subsequently removing the field. A pulse magnetiser was used to grow IRMs 
in fields up to 300mT and electromagnets to grow IRMs in fields of iT. All IRMs were 
measured using a Molspin fluxgate magnetometer. Single IRM measurements give a 
rough indication of magnetic concentration. Much more information can be obtained 
by studying the variation of IRMs with changing field values. Three common ways of 
carrying out such studies of coercivity spectra are 
1. IRM acquisition curves are obtained by growing IRMs in successively higher fields. 
Fields of 20, 40, 60, 80, 100, 200, 300, and 1000mT were used in this study. The 
IRM grown in IT is refered to as the saturation isothermal remanent magnetisation 
(SIRM). A typical IRM acquisition curve is shown in Figure 1.3 (b). (B 0 ) c ' is 
0.5 
Cc 




(b) IRM acquisition 
1.0 - 
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Figure 1.3. Remanent magnetisation curves. (a) A.f. demagnetisation of SARM. (b) 
IRM acquisition. (c) D.c. demagnetisation of SIRM. (d) A.f. demagnetisation of SIRM. 
defined as the field in which half of the SIRM is acquired. 
DC demagnetisation of SIRM. Fields of -20, -40, -60, -80, -100, -200, -300 and 
-1000mT were used in this study. A typical curve is shown in Figure 1.3 (c). 
The remanence coercivity, (B0), is defined as the field required to reduce the 
magnetisation to zero. 
AF demagnetisation of SIRM. Fields of 5, 10, 20, 40, 80 and 99mT were used 
within this technique. A typical AF demagnetisation curve is shown in Figure 1.3 
(d). (B0 )1 1 is defined as the field required to reduce the IRM to half of the SIRM. 
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1.5.4 Hysteresis Loops 
Hysteresis ioops can be measured in a variety of ways. In this study hysteresis loops 
were measured using a Molyneux vibrating sample magnetometer (VSM). The VSM was 
calibrated using known masses of the paramagnetic salts ammonium ferrous sulphate 
((NH4 ) 2Fe(SO4 ) 2 .6H20) and copper sulphate (CuSO 4 .5H20). Measurements were 
carried out between fields of +1T and - iT. Hysteresis ioops can be defined by relatively 
few measurements. Using the Molyneux VSM 21 measurements are sufficient to define 
the overall shape of ioops. However in the present study hysteresis loops were measured 
using 81 field values to give a clearer definition of the loops. More field values were 
selected between 0 and 300mT than between 300 and 1000mT. The full set of field 
values employed is 1000, 700, 500, 450, 400, 350, 300, 275, 250, 225, 200, 175, 150, 125, 
100, 90, 80, 60, 40, 20 and OmT. 
The most commonly used hysteresis parameters are indicated in Figure 1.2. These 
are the saturation magnetisation, M, which is the maximum magnetisation a sample 
can attain in the presence of a magnetic field. The remanence magnetisation, M, 
which is the magnetisation remaining after the applied field has been reduced to zero 
following saturation of the sample. The coercivity, (B 0), which is the reverse field 
required to reduce the magnetisation to zero. Additionally high field, XhJ,  and low 
field, Xzf,  susceptibilities can be calculated from the hysteresis loops. The high field 
susceptibility reflects the paramagnetism/diamagnetism within a sample. Extrapolation 
of the high field susceptibility gradient to zero field allows the ferrimagnetic component 
of the saturation magnetisation, M3f , to be determined. 
1.5.5 Thermomagnetic Curves 
The variation of magnetisation with temperature has been investigated in this study 
using a horizontal Curie balance, which was made in Munich. Generally samples were 
heated and cooled at a rate of 20°C in air. Although the Edinburgh Curie balance 
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is a sensitive instrument only small samples can be measured and hence only strongly 
magnetic samples or magnetic extracts could be measured. Determination of Curie 
temperatures from thermomagnetic curves provides confirmation of the magnetic mm-
eralogy. Different magnetic minerals exhibit different Curie temperatures. Table 1.1 
lists the Curie temperatures of the most commonly found magnetic minerals. 
Table 1.1. Curie temperatures of the common magnetic minerals. 
Mineral T(°C) References 
magnetite 575-585 Thompson & Oldfield (1986), 
McElhinny (1973), Van der Voo (1993), 
Coffinson (1983) 
haematite 675-680 Thompson & Oldfield (1986), 
McElhinny (1973), Van der Voo (1993), 
O'Reilly (1984), Coffinson (1983) 
titanomagnetite -153 - 585 Thompson & Oldfield (1986), 
Collinson (1983) 
goethite 100-150 Thompson & Oldfield (1986), 
Van der Voo (1993) 
maghaeinite 645-740 Thompson & Oldfield (1986), 
McElhinny (1973), Ozdemir (1990) 
pyrrhotite (Fe7S8 ) 300-320 O'Reilly (1984), Coffinson (1983) 
Thompson & Oldfield (1986) 
pyrrhotite (Fe9S10 ) 270-290 O'Reilly (1984), 
Thompson & Oldfield (1986) 
pyrrhotite (Fe10S11 ) 230 O'Reilly (1984) 
pyrrhotite (Fe11 S12 ) 210 O'Reilly (1984) 
greigite 330 Snowball (1991) 
1.6 Mixing and Unmixing 
many igneous rocks are mixtures of magma types... detrital sands are generally mix-
tures that represent complex contributions from many source rocks ... paleontologists are 
aware that fossil assemblages often represent complex mixtures of various ecological as-
semblages swept together by waves and currents." 
Size (1987) 
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In Earth Sciences many materials can be thought of as mixtures of subcomponents. 
The study of any geological mixture can provide a vast quantity of information. Mixtures 
of magnetic minerals or different domain states within natural samples can for example 
indicate sediment sources or human activity. When considering mixtures three things are 
of interest ; (i) the number of components, (ii) the identity of the components, and (iii) 
the quantity of each component (Size 1987). (i) and (ii) can normally be estimated with 
reasonable certainty. However (iii) is more difficult to estimate and generally requires 
theoretical "unmixing" calculations. Two examples of such unmixing calculations are 
the work of (i) Banks (1979) who applied a combination of linear programming and 
least squares methods to petrological data, and (ii) Dymond (1981) who used linear 
programming on geochemical data of sources and sediments to study the hydrothermal, 
biogenic, detrital and hydrogenous sources of Nazca plate surface sediments. In this 
study new techniques are developed for the mixing and unrnixing (both qualitatively 
and quantitatively) of mineral magnetic data. The new techniques are based on x 
remanence and hysteresis ioop data. 
Chapter 2 
Natural Characterised Magnetic 
Minerals 
2.1 Minerals and Identification 
A range of 56 natural samples of iron oxides and sulphides have been collected from 
various sediment, soil and rock types. The minerals selected for this study are magnetite, 
titanomagnetite, haematite, pyrrhotite and greigite. Brief descriptions of these minerals 
were given in Section 1.4. The samples were selected on the basis of containing only 
one magnetic mineral each i.e. no mixtures, and also to span as wide a range of domain 
states and concentrations as possible. The magnetic properties of these samples form 
the basis of the qualitative and quantitative work described in Chapters 4 and 5. 
The mineralogies of these samples were confirmed by their Curie temperatures. The 
procedure for determining Curie temperatures was described in Section 1.5.5. Tables 2.1 
- 2.5 list the samples, along with their Curie temperatures and a short sample descrip-
tion. In general the magnetite samples are labelled "cm" followed by a number and 
the titanomagnetites are "ct" followed by a number. Unfortunately a few samples were 
initially incorrectly classified hence there is some inconsistency of the sample labelling. 
Figures 2.1 - 2.4 and 2.6 show some examples of the thermomagnetic curves obtained. 
18 
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X-ray diffraction was carried out on six of the 56 natural samples to provide addi-
tional independent confirmation of the mineralogies. One greigite, two pyrrhotites and 
three haematites were analysed. 
2.1.1 Magnetite 
The 15 magnetite thermomagnetic curves obtained can be classified into three groups 
as shown in Figure 2.1. The heating curve in Figure 2.1 (a) has T,, = 590°C. The 
cooling curve is almost reversible and crosses over the heating curve. This shows that 
there has been no chemical alteration with heating. The second curve, Figure 2.1 (b), 
has a higher room temperature magnetisation after heating and cooling. The heating 
curve indicates a magnetite/pararnagnetic composition. On heating some of the param-
agnetic minerals alter to form magnetite hence the increase in magnetisation. The final 
curve, Figure 2.1 (c), has a slightly lower room temperature magnetisation after heat-
ing. In this case a small amount of magnetite has oxidised to less magnetic minerals. 
Despite the three types of thermomagnetic curves, it is clear that magnetite is the only 
magnetic mineral present before heating. The type of behaviour (type a - reversible; 
type b - increase in M; type c - decrease in M) observed for each sample is noted in 
Table 2.1. Thermomagnetic curves were not measured for samples CM16 and CM17 as 
they were magnetically too weak. Samples CM16 and CM17 are however believed to 
be magnetite as they are of similar type and origin to samples CM18 and CM19. In 
contrast thermomagnetic curves were not measured for samples CM3 and CM10 as they 
are large crystals of approximately 4mm in size and were therefore too large and too 
strong for the instrument. The range of T obtained in this study for magnetite is from 
575 - 600°C. This agrees well with the values given in Table 1.1. 
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Table 2.1. Magnetite Samples 
Sample T( °C) Curve Type 
cf_Fig._2.1  
Description and Location 
CM3 - - green schist, Hebrides 
CM4 575 c Glen Doll 
CM5 590 c granodiorite, Bergell 
CM9 590 c gabbro, Mull 
CM10 - - green schist,Shetland 
CM12 585 c obsidian, Lipari 
CM15 600 a pitchstone 
CM16 - - peat (depth 0-2cm), Northern England 
CM17 - - peat (depth 0-2cm), Northern England 
CM18 580 b peat (depth 0-2cm), Northern England 
CM19 585 b peat (depth 0-2cm), Northern England 
CM20 590 a gabbro, Skye 
CM21 595 a gabbro, Skye 
CM22 580 c gabbro, Skye 
CM31 590 b gabbro, Huntly 
CM32 600 c ultra-mafic, Huntly 
CM33 590 c basalt, France 
CM34 590 c basalt (class IV), Australia 
CM35 580 b basalt (class II), Australia 
(a) cm20 	 (b) cm19 	 (c) cm5 
0 	200 	400 	600 
Temperature (°C)  
D 	200 	400 	600 
Temperature (°C)  
D 	200 	400 	600 
Temperature (°C) 
Figure 2.1. Three examples of magnetite thermomagnetic curves. (a) Reversible curve. 
(b) and (c) Increase and decrease, respectively, in magnetisation after cooling. 




As indicated in Table 1.1 the Curie temperatures of titanomagnetites can vary quite 
widely. In general they fall approximately linearly with composition from 575°C (x=0) 
to -153°C (x=1) (O'Reilly 1984). However oxidation to titanomaghaemite as the sam-
pies are heated can lead to higher Curie temperatures than expected for the observed x 
values (Warner & Wasilewski 1990). The Curie temperatures found for the titanomag-
netites used in this study range from 90 - 530°C and are listed in Table 2.2. Figure 2.2 
shows three examples of the thermomagnetic curves obtained. Figure 2.2 (a) shows a 
curve with a low T hence a titanium-rich sample. In contrast Figure 2.2 (b) illustrates 
a sample with a high T. hence probably iron-rich. The final curve (Figure 2.2 (c)) 
provides an example of a sample with two distinct Curie temperatures. Generally this 
sample would be rejected for palaeomagnetic work, however for the purposes of mm-
eral magnetic work it has been retained. The non-reversibility of the curves indicate 
chemical alteration due to heating. No attempt has been made to determine the exact 
composition of these titanomagnetites as a detailed compositional study was beyond the 
scope of this research and the objective was simply to document the range of magnetic 
behaviour found in the main categories of natural minerals. 
Table 2.2. Titanomagnetite Samples 
Sample T(°C) Description and Location 
CT6 160 lava, Sicily 
CT7 285,530 lava, Sicily 
CT8 90 tachylite, Moulard 
CT9 310,510 basalt (class I/Il), Australia 
CT10 145 basalt, Australia 
CT11 265 basalt (class I/Il), Australia 
CM1 115 tachylite, Moulard 
CM2 180 tachylite, Moulard 
CM13 440 rhyolite glass, Iceland 
CM14 450 rhyolite glass, Iceland 
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(a) ct8 	 (b) cm13 	 (c) ct9 
0 	200 	400 	600 
Temperature (°C)  
0 	200 	400 	600 
Temperature (°C)  
0 	200 	400 	600 
Temperature (°C) 
Figure 2.2. Three examples of titanomagnetite thermomagnetic curves. (a) Low T, 
high titanium sample. (b) High T, probably high iron sample. (c) Two phase sample. 
2.1.3 Haematite 
The haematite samples are listed in Table 2.3. The samples denoted RSM were ob-
tained from the Royal Scottish Museum and no geographical source location is known 
for them. Thermomagnetic curves were measured for three other samples. However 
all these other samples were found to contain additional magnetic minerals, namely 
goethite and magnetite. Hence only three haematites have been studied in detail. Fig-
ure 2.3 is representative of the thermomagnetic curves of the three samples. There is 
an increase in magnetisation on heating until approximately 300°C. This is due to the 
applied field not saturating the haematite at room temperature. As the temperature 
increases the unsaturated magnetisation increases and is unblocked and aligned with 
the field (Duff 1979). The increase is followed by a gradual decrease and then a sharp 
drop as the Curie point is reached. On cooling, for ch4, two Curie temperatures were 
observed, one at 675°C due to haematite, and the other at ".' 560°C due to magnetite. 
This curve is similar to the type D curve of Mallik et al. (1993) in which they think the 
formation of magnetite is due to the reduction of haematite above 600°C. One inter-
esting feature of the three thermomagnetic curves measured in this study, is that they 
all have large magnetisations above 700°C. This was not observed in thermomagnetic 
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curves published by Duff (1979) and Mallik et al. (1993). The magnetisation could be 
due to either a high paramagnetic contribution or possibly iron (T = 780°C). However 
x-ray diffraction carried out on subsamples of chi (unheated and heated) and also ch4 
only identified haematite. One other possible explanation is that these samples have 
an additional magnetisation, a defect ferromagnetism, which is observed between the 
Curie temperature and the Néel temperature (.- 725°C) (Smith & Fuller 1967, McE1-
hinny 1973, Collinson 1983). It was not possible to confirm this using the Curie Balance 
as it was not designed to operate at the required temperatures. 
Table 2.3. Curie temperatures and sample descriptions for the haematites. 
Sample T(°C) Description 
CH1 680 specular haematite, RSM 
CH3 695 haematite ore, RSM 
CH4 675 pencil ore, RSM 
ch4 
0 	200 	400 	600 
Temperature ( °C) 
Figure 2.3. Example of a haematite thermomagnetic curve. 
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2.1.4 Pyrrhotite 
The pyrrhotite samples are listed in Table 2.4. Two of the samples are synthetic and 
have been described by Menyeh & O'Reilly (1991). These two samples were included 
to extend the natural pyrrhotite domain state range to include SD grains. The ther-
momagnetic properties of pyrrhotite are complicated. The different magnetic phases of 
pyrrhotite exhibit different thermomagnetic properties. These can be explained with 
reference to Figure 2.4. The thermomagnetic curve for monocinic pyrrhotite (Fe7S8 ) is 
shown in Figure 2.4 (a). Monocinic pyrrhotite has a reversible curve with, in the case 
of cpl, a T of 320°C. The two synthetic and five of the natural samples exhibit this 
monocinic-type curve. The thermomagnetic curve of Figure 2.4 (b) is more compli-
cated. The heating curve can be explained by considering it in two parts; first the part 
from 200°C to 250°C (i.e. the peak) and secondly the rest of the temperature range. 
The sharp peak between 200 and 250°C is due to hexagonal pyrrhotite. This phase is 
antiferromagnetic from room temperature upto the y-transition at 200°C, where it 
becomes ferrimagnetic and a sharp increase in magnetisation occurs. The Curie temper-
ature of the antiferromagnetic phase is 250°C. The remainder of the thermomagnetic 
heating curve, with a Curie temperature of 300°C, is due to monocinic pyrrhotite. 
Hence, for sample cplO, two Curie temperatures are observed due to the co-existence of 
hexagonal and monocinic pyrrhotite. If cplO was cooled slowly it would have reversed 
back to its weak magnetic state i.e. the peak would have occured again as the sample 
was cooled. However, as was the case, cplO was quenched and retained its ferrimag-
netism as shown in the cooling curve of Figure 2.4 (b) (Schwarz 1973),(O'Reilly 1984). 
So overall Figure 2.4 (b) with the sharp peak is the thermomagnetic curve for a sample 
which contains both monocinic and low temperature hexagonal pyrrhotite. The sharp 
peaked, with two observable Curie temperatures, type of curve was found for three of 
the natural pyrrhotite samples. No examples of pure natural hexagonal pyrrhotite were 
found for use in this study. However Figure 2.5, taken from Zapletal (1993), shows the 
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variation of susceptibility with temperature for this third type of pyrrhotite. 
Additionally X-ray diffraction was carried out on cp8 and cplO. Cp8 was found 
to be composed of pyrrhotite of the 4C superstructure, which is monocinic. CplO was 
found to be dominated by pyrrhotite of the 5C, 6C and 11C superstructures, all of which 
are hexagonal. The X-ray diffraction results match very well with the thermomagnetic 
results (Table 2.4). 







Location and Description 
CP1 - - 320 Norway 
CP2 - - 325 Saxony 
CP3 235 280 330 Little Namaqualand 
CP5 - - 320 Scotland 
CP8 - - 305 Canada 
CP9 210 250 305 Germany 
CP10 200 250 300 U.S.A. 
CPu - - 305 England 
CP12 - - ? synthetic 
CP13 - -  synthetic 
(a) cpl 	 (b) cplO 
0 	200 	400 	600 
Temperature ( °C)  
0 	200 	400 	600 
Temperature (°C) 
Figure 2.4. Two examples of pyrrhotite thermomagnetic curves. 






100 	200 	300 	T[°C] 
Figure 2.5. Variation of susceptibility with temperature for a low temperature hexag-
onal pyrrhotite, after Zapleta.l (1993). 
2.1.5 Greigite 
Fourteen greigite samples are listed in Table 2.5. They are all sediments from the 
central North Sea and Wesser River Estuary in Germany. Greigite decomposes on 
heating and therefore the Curie temperature of it has not been determined (Hoffmann 
1992), although Snowball (1991) believes that the thermomagnetic properties of both 
synthetic and natural samples indicate that greigite has a T = 330°C. Hoffmann 
(1992) attributes the Curie point to that of one of the decomposition products,  mon-
oclinic pyrrhotite. Other decompostion products include hexagonal pyrrhotite, pyrite, 
magnetite and haematite. Despite the uncertainty in the Curie point determination, 
greigite has a distinctive thermomagnetic curve, which allows its presence to be con-
firmed (Hoffmann 1992, Tric et al. 1991, Snowball & Thompson 1992, Roberts & Turner 
1993). Figure 2.6 shows three examples of thermomagnetic curves for greigite. In Fig-
ure 2.6 (a), cg12 was heated to 600°C. The heating curve shows the decomposition of 
greigite. The temperatures listed in Table 2.5 are the values of this sharp decrease in 
magnetisation. Further heating causes the formation of magnetite and a magnetisation 
increase below the Curie temperature of '-' 580°C. The cooling curve indicates that 
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magnetite is now the only magnetic mineral present. In Figure 2.6 (b), cg2 was heated 
to a temperature of 400°C. The thermomagnetic heating curve of cg2 displays a sharp 
decrease in magnetisation (T = 370°C) and the start of the formation of magnetite. 
The room temperature magnetisation of cg2 after heating and cooling was much lower 
than the initial magnetisation. The overall loss of magnetisation is characteristic of 
greigite samples which were only heated to 400°C. Finally in Figure 2.6 (c) the ther-
momagnetic curve of a North Sea sediment (core 81/34, depth 213.0cm) is shown. The 
sample is not included in Table 2.5, but its thermomagnetic curve has been included 
here to show the range of thermomagnetic curves which are possible for greigite. In 
Figure 2.5 (c) decomposition appears to start at ' -i 200°C. This North Sea sediment 
was the only sample in which a peak was observed in the heating curve between 200 and 
250°C. One possible explanation of the peak is that hexagonal pyrrhotite has formed 
as a decomposition product. 
(a) 	cgl2 	 (b) 	cg2 	 (c) 	North Sea 
0 	200 	400 	600 
Temperature (C)  
0 	200 	400 	600 
Temperature (C)  
0 	200 	400 	600 
Temperature Cc) 
Figure 2.6. Three examples of greigite thermomagnetic curves. 
As shown in Figure 2.6 (a) the sample contains a small proportion of magnetite. An 
attempt has been made to quantify the amount of magnetite present in all the samples. 
These are listed in Table 2.5. The amount of magnetite contributing to the overall 
magnetisation of the 14 samples ranges from 0% (cg3 and cg5) to 12% (cgll). These 
values correspond to magnetite masses of 0% to 2.4%. Greigite is the dominant mineral 
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in all 14 samples. 
X-ray diffraction was carried out on cg3 as independent confirmation of the presence 
of greigite. The X-ray diffraction results show that the only ferrimagnetic mineral 
present in cg3 is greigite. A large quantity of quartz, which is diamagnetic, is also 
present in cg3. 
Table 2.5. Greigite Samples 
Sample % magnetite T(°C) Location and Description 
CG1 7 400 North Sea, Core 89/5, Depth=78.15m, 
intertidal clay 
CO2 3 370 North Sea, Core 89/5, Depth=139.33m, 
delta-front clay 
CG3 0 365 Wesser River Estuary, Core GE367, 
Depth=15.45m, brackish sands 
CG4 9 370 Wesser River Estuary, Core GE367, 
Depth=15.40m, brackish sands 
CG5 0 375 Wesser River Estuary, Core GE367, 
Depth=15.35m, brackish sands 
CG6 8 385 Wesser River Estuary, Core GE367, 
Depth=14.20m, estuarine mud flat 
CG7 3 340 Wesser River Estuary, Core GE367, 
Depth=13.15m, estuarine mud flat 
CG8 3 395 Wesser River Estuary, Core GE367, 
Depth=11.70m, estuarine mud flat 
CG9 6 410 Wesser River Estuary, Core GE367, 
Depth=11.65m, estuarine mud flat 
CG10 4 330 Wesser River Estuary, Core GE367, 
Depth=10.85m, brackish mud 
CG11 12 430 Wesser River Estuary, Core GE367, 
Depth=6.60m, tidal flat 
CG12 5 345 Wesser River Estuary, Core GE367, 
Depth=6.30m, tidal flat 
CG13 8 360 Wesser River Estuary, Core GE367, 
Depth=5.95m, tidal flat 
CG14 11 395 Wesser River Estuary, Core GE367, 
Depth=5.45m, tidal flat 
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Figure 2.7. Susceptibility values for the 56 charaterised samples. Units are am3kg'. 
2.2 Susceptibility and Remanent Magnetisations 
2.2.1 Magnetic Susceptibility 
Initial magnetic susceptibility, x (cf Section 1.5.1) was measured for all 56 characterised 
samples. These values are listed in Appendix A in Tables A.1 and A.2 and are repre-
sented in Figure 2.7. As expected the low x minerals, haematite and greigite, have the 
lowest bulk x values. The bulk x measured on the more strongly magnetic minerals, 
magnetite, titanomagnetite and pyrrhotite, are very variable because the natural sam-
ples have a very wide range of magnetic concentrations and to a lesser extent, a wide 
range of domain states. 
2.2.2 Anhysteretic Remanent Magnetisations 
ARMs were measured on all the characterised samples of magnetite, titanomagnetite, 
pyrrhotite and greigite using the procedure described in Section 1.5.2. The values are 
listed in Tables A.1 and A.2 and are shown graphically in Figure 2.8. ARMs could 
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Figure 2.8. ARM values for the characterised samples. Units are mAm 2kg' 
Haematite ARMs are too low to measure with any accuracy. 
not be grown in the haematite samples as the fields used were too weak. Comparing 
Figures 2.7 and 2.8 we can see that the magnetites have relatively lower ARMs in 
comparison to their susceptibilities. In contrast the pyrrhotites have relatively higher 
ARMs than susceptibilities. 
Figure 2.9 shows a summary of the ARM demagnetisation curves obtained for the 
magnetites, titanomagnetites, pyrrhotites and greigites. Extreme samples were plotted 
to illustrate the range each mineral covers. The pyrrhotite samples show the greatest 
variation. All the other minerals plot within the pyrrhotite range. There is no overlap 
between the magnetite and greigite samples thus indicating the potential ARM mea-
surements have for distinguishing different minerals. The titanomagnetites are slightly 
harder than the magnetites, i.e. the titanomagnetites resist demagnetisation more. 
It was found that the ARM demagnetisation data could be represented well by just 
one demagnetisation value, namely the magnetisation left at 40mT. The magnetisation 
is divided by SARM to provide a dimensionless parameter, ARM 40mT/SARM, for use 
in the identification of the different minerals and of the domain states (cf Chapter 4). 
The values of ARM40 mT/SARM are shown graphically in Figure 2.10. 




Figure 2.9. Selection of 13 ARM demagnetisation curves for magnetites, titanomag-
netites, pyrrhotites and greigites to illustrate the great range of behaviour in natural 
samples. 
ARM(40mT)/SARM 
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Figure 2.10. ARM 40mT/SARM for 53 characterised samples. 
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2.2.3 Isothermal Remanent Magnetisations 
IRMs were grown and measured for all the 56 samples using the procedure described 
in Section 1.5.3. It is possible to study the magnetic stability of IRMs by (i) IRM 
acquisition (ii) DC demagnetisation and (iii) AC Demagnetisation. All three methods 
are used here. Values of SIRM (IRM (iT)) are shown in Figure 2.11 and are listed 
in Tables A.1 and A.2. Comparing Figure 2.11 with Figures 2.7 (variation of x  for 
all the minerals) and 2.8 (variation of ARM for four minerals) we can note the fol-
lowing; (i) magnetite has relatively lower ARM values in comparison to x  and SIRM, 
(ii) titanomagnetite, in contrast to magnetite, has relatively high ARMs compared to 
x and SIRM, (lii) haematite has relatively high SIRM values compared to x1  and (iv) 
pyrrhotite has relatively low x  values and high ARM values in comparison to SIRM. 
SIRM 
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Figure 2.11. SIRM values for the 56 characterised samples. Units are mAm 2kg'. 
Figure 2.12 shows 15 examples, including all extreme samples, of IRM acquisition 
curves for all the iron oxides and sulphides. The haematite samples are magnetically the 
hardest i.e. they resist magnetisation and are not saturated in a field of iT. Greigite has 
very distinctive IRM acquisition curves compared to the other minerals. The normalised 
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Figure 2.12. Selection of IRM acquisition curves for 15 magnetites, titanomagnetites, 
haematites, pyrrhotites and greigites. 
greigite data starts with very low ratios (:~ 0.02) and then rapidly increases to high ratios 
(> 0.9) in fields between 40mT and 200mT. The other minerals do not show such a rapid 
increase in any field range. As in the case of ARM demagnetisation, pyrrhotite shows a 
wide range of stabilities. 
DC demagnetisation of SIRM results are shown in Figure 2.13 for the same 15 
samples. From these curves the remanent coercivity, (B0). (cf Section 1.3.4), can be 
determined as the field at which the magnetisation is reduced to zero. The (B0), values 
for all the characterised samples are listed in Appendix A in Tables A.3 and A.4. Af 
demagnetisation of SIRM is shown in Figure 2.14, again for the same 15 samples. From 
the af demagnetistion curves the median destructive field, (B0)i, can be found. Due 
to the low alternating fields used, values of (B0).i could not be obtained for haematite. 
In order to simplify the information contained in the three sets of IRM curves, three 
dimensionless ratios of IRM 60mT/SIRM, IRM 100mT/SIRM and IRM_locT/SIRM 
were selected for use in domain state determination and mineral identification (cf Chap-
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state, and when the acquisition curves are plotted with the af demagnetisation curves 
information can be obtained on magnetic interactions (Section 4.4). 
- magnetite 
titanomagnetite 1.0 
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Figure 2.13. Selection of DC demagnetisation of SIRM curves for the 15 magnetites, 
titanomagnetites, haematites, pyrrhotites and greigites as in Figure 2.12. 
Figure 2.14. Selection of alternating field demagnetisation of SIRM curves for the 15 
magnetites, titanomagnetites, haematites, pyrrhotites and greigites as in Figure 2.12. 
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2.3 Hysteresis Loops 
Hysteresis ioops were measured using the procedure described in Section 1.5.4 for all 56 
characterised samples. The hysteresis parameters commonly used, Mr/M3f and (B 0), 
are listed for each sample in Appendix A in Tables A.3 and A.4. Figures 2.15 - 2.19 
show examples of hysteresis ioops of all the minerals studied. In these diagrams all the 
magnetisation values have been normalised with respect to the saturation magnetisation 
of each particular sample. The gradient of the loops in high fields gives an indication of 
the paramagnetic contributions to the magnetisation. The paramagnetic component has 
been taken into account in calculating the M /M ratio for the ferrimagnetic fraction 
alone, i.e. M/Mf. 
2.3.1 Magnetite 
Figure 2.15 shows examples of magnetite hysteresis loops. Figure 2.15 (a) and (b) are 
examples of multi-domain loops. The first sample, CM3, is a large single tetrahedral 
magnetite crystal ofapproximately 4mm in size. The second sample, CM4, is composed 
of smaller grains of approximately 0.1mm in size. It is interesting to note that although 
both these loops are of MD samples they have different gradients in low fields. The 
smaller grains, CM4, show a steeper gradient than the large single crystal, CM3. Other 
samples, CM5 (small grains) and CM10 (large single crystal), show similar character-
istics. Schlinger (1985) shows examples of MD magnetite hysteresis ioops which also 
have different low field susceptibilities but otherwise the effect has not previously been 
commented upon. Figure 2.15 (c) is believed to be an example of a PSD magnetite, 
and (d) an example of SD magnetite. Figure 2.15 (a) and (d) show the two extreme 
magnetites in terms of coercivity (O.lmT and 34.3mT respectively). 
(C) CM21 
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Figure 2.15. Examples of magnetite hysteresis loops. 
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2.3.2 Titanomagnetite 
Figure 2.16 shows three examples of titanomagnetite hysteresis loops. There are no 
obvious simple distinguishing features between these loops and those of magnetite shown 
in Figure 2.15. However the coercivity range extends to a higher value, 46.1mT for 
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Figure 2.16. Examples of titanomagnetite hysteresis loops. 
2.3.3 Haematite 
Figure 2.17 shows two haematite hysteresis loops. These ioops are very distinctive 
compared to those of the other minerals due to their high coercivity, 131.OmT- 241.2mT, 
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at high fields is a property of haematite and not a paramagnetic component (Chevallier 
& Mattieu 1943). The haematite has not saturated in iT so these loops are strictly minor 
loops not full major loops as measured on all the other natural materials described in 
this chapter. 
Figure 2.17. Examples of haematite hysteresis loops. 
2.3.4 Pyrrhotite 
Figure 2.18 shows three pyrrhotite hysteresis loops. The coercivities of these samples 
range from 0.5mT to 75.2mT. Although MD pyrrhotites have similar coercivities to those 
of magnetite and titanomagnetite, the SD pyrrhotites have coercivities significantly 
higher. Despite the similarity in coercivities the shape of pyrrhotite hysteresis ioops 
are quite different to those of magnetite and titanomagnetite. Pyrrhotite loops are 
characterised by their steepness in low fields, the openness at the knee of the loop (at 
fields of around 200mT) and the curved approach to saturation. These three diagnostic 
features are observed in all samples and are particularly clearly shown in sample CP9 
(Figure 2.18 (b)). 
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Figure 2.18. Examples of pyrrhotite hysteresis loops. 
2.3.5 Greigite 
Figure 2.19 shows two examples of greigite hysteresis loops. The rather low range of 
coercivities, 26.5mT to 53.3mT, found in the 14 greigites studied, indicate that these 
natural samples only span the SD/PSD grain size range and that no natural examples 
of MD greigite were found. The greigite samples have similar coercivities to those of 
magnetite, titanomagnetite and pyrrhotite. However differences in the overall shape of 
the hysteresis loops does allow characterisation of greigite. Similar to pyrrhotite, the 
loops have steep gradients in low fields. However the loops do not exhibit the openness 
at the knee or the curved approach to saturation of the pyrrhotite ioops. The open 
part of the greigite loops is squarer than that of pyrrhotite. Greigite samples are more 
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similar to magnetite and titanomagnetite in this respect, however the steepness in low 
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Figure 2.19. Examples of greigite hysteresis loops. 
2.4 Summary 
A range of magnetic measurements have been carried out on 56 samples of magnetite, 
titanomagnetite, haematite, pyrrhotite and greigite. The mineralogies of the samples 
were confirmed by thermomagnetic analysis. Measurements of x, ARMs and IRMs indi-
cate the following characteristics of the different minerals; (i) haematite is magnetically 
very hard in comparison to the other minerals, (ii) greigite has very characteristic IRM 
acquisition curves (a very sharp increase in magnetisation is observed between fields 
of 40mT and 200mT), (iii) magnetites have relatively low ARMs, and (iv) pyrrhotite 
has a very wide stability range. With the exception of magnetite/titanomagnetite, the 
shape of hysteresis loops of the different minerals exhibit characteristics which allow 
the minerals to be distinguished from each other. Haematite has very high coercivities. 
Pyrrhotite and greigite hysteresis loops are steeper in low fields than hysteresis loops 
of magnetite and titanomagnetite. Pyrrhotite hysteresis loops are open at the knee of 
the ioop and they have a curved approach to saturation. Greigite hysteresis loops are 
squarer in shape than those of pyrrhotite and are not open at the knee of the ioop. 
Chapter 3 
Magnetic Properties of Selected 
Minerals 
3.1 Introduction 
The aim of this chapter is to summarise the data measured in Chapter 2 on natural 
minerals and to compare it with previously published data for the same five minerals. 
There are ofcourse many parameters that can be measured and used to characterise 
magnetic materials. x and (B 0 ) have been measured most frequently by previous 
workers. The variation of these two parameters with grain size are summarised for each 
mineral. For three of the minerals clear trends are found with grain size. 
For the natural samples measured in the present study 14 parameters based on 
remanence and hysteresis loop data are tabulated. As will be shown in Chapter 4 
a large number of magnetic parameters (upto 18) are needed in order to be able to 
discriminate between the five types of magnetic mineral being studied. In summarising 
the data obtained in this study the parameters were normaiised to an assumed value 
for M3 . From (i) M5 , (ii) the coercivities and (iii) the ratios obtained for the natural 
samples, relative values for each parameter were calculated, when possible, for hard, 
intermediate and soft samples. 
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Previously published data from studies carried out on natural and synthetic samples 
of known grain sizes are summarised for each of the five minerals. This allows the 
variation of the magnetic parameters with grain size to be investigated. When compiling 
these data sets the conversion to mass specific SI units proved problematic. The table 
published by Snowball et al. (1994) showing the conversion between cgs and SI units 
for all the relevant magnetic parameters was useful in overcoming some of the problems 
encountered. However problems still remained regarding x and SIRM data. It was 
necessary to assume that some authors had used incorrect magnetic units in reporting 
their data and that their data needed adjusting. 
3.2 Magnetite 
M3 for magnetite is widely accepted to be 92Am 2kg' (e.g. Thompson & Oldfleld (1986), 
O'Reilly (1984)). Table 3.1 lists the data for hard, intermediate and soft magnetite based 
on the measurements described in Chapter 2 on a set of 19 natural magnetites. The 14 
parameters, with the exception of IRM60 mT, show either an increasing or decreasing 
trend from the hard to soft samples indicating their dependence on grain size. These 
trends tend not to be linear and certain parameters emphasise particular grain sizes e.g. 
high (B 0),.1(B 0 ) indicate soft magnetite, while high ARMs or low IRM60 mT/SIRM 
ratios indicate hard magnetites. 
Over the past 30 years several studies have been published on the variation of mag-
netic properties of magnetite with grain size. The data listed in ten of these papers is 
summarised in Table 3.2. The extreme values found in the earlier publications match 
well with the corresponding hard and soft values of the natural samples studied in this 
work which are listed in Table 3.1. 
From the published data Figures 3.1 and 3.2 were plotted. A large variation in re-
manent coercivity, peaking at approximately 1m is seen. The variation of susceptibility 
with grain size is not as clear as the remanent coercivity, however with the exception of 
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two of the Bailey & Dunlop (1983) samples, the superparamagnetic samples of Maher 
(1988) have the highest susceptibilities. 
Table 3.1. Summary of magnetite data. 
Parameter Hard Intermediate Soft 
M3 (Am 2 kg') 92 92 92 
M/M 3f 0.37 0.15 0.02 
SIRM(Am 2 kg 1 ) 34.0 13.8 1.84 
IRM( 60m T)/SIRM 0.19 0.68 0.89 
IRM( 60mT )(Am 2 kg 1 ) 6.5 9.4 1.64 
SIRM/(kAm') 80.7 14.2 1.30 
x(j.tm 3 kg 1 ) 421 972 1410 
SIRM/ARM 134 72.1 47.0 
ARM(Am 2 kg 1 ) 0.254 0.191 0.039 
ARM( 40mT )/ARM 0.500 0.164 0.065 
ARM( 40mT )(Am 2kg') 0.127 0.031 0.001 
(B 0)(mT) 34.3 12.6 0.4 
(B 0 ),.(mT) 69.5 30.0 15.0 
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Figure 3.1. Variation of remanent coercivity with grain size (jim) for magnetite. Data 
compiled from ten publications. 
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638[285-1232] 122 Maher (1988), Parry (1981), 
Dunlop (1986), Rahman et al. (1973), 
Day et al. (1977), 
Bailey & Dunlop (1983), 
Parry (1965), Dankers (1978), 
Hartstra (1982) 
SIRM(Am 2kg') 4.88[0.3-24.3] 93 Maher (1988), Dankers (1978), 
Parry (1981), Parry (1965), 
Rahman et al. (1973), 
Bailey & Dunlop (1983) 
Mr/Ms 0.131[0.015-0.41] 37 Day et al. (1977), Dunlop (1986), 
Ozdeinir & Banerjee (1982), 
Bailey & Dunlop (1983), 
Hartstra (1982) 
(B 0)(mT) 8.8[0.7-30.5] 78 Day et al. (1977), Dunlop (1986), 
Parry (1965), Rahman et al. (1973), 
Parry (1981), 
Ozdemir & Banerjee (1982), 
Bailey & Dunlop (1983), 
Hartstra (1982) 
(B 0),.(mT) 23.4[8.0-63.0] 126 Day et al. (1977), Maher (1988), 
Parry (1981), Parry (1965), 
Dunlop (1986), 
Ozdemir & Banerjee (1982), 
Bailey & Dunlop (1983), 
Rahman et al. (1973), 
Hartstra (1982), Dankers (1978) 
(B 0),./(B 0 ) 4.83[1.44-17.1] 77 Day et al. (1977), Dunlop (1986), 
Parry (1965), Rahman et al. (1973), 
Parry (1981), 
Ozdernir & Banerjee (1982), 
Bailey & Dunlop (1983), 
Hartstra (1982) 
SIRM/(kAm 1 ) 8.1[0.4-37.2] 104 Maher (1988), 
Bailey & Dunlop (1983), 
Parry (1981), Rahman et al. (1973), 
Parry (1965), Hartstra (1982), 
Dankers (1978) 










z Bailey and Dunlop (1983) 
0 
5OO ® 4 -+ + Day etal.(1977) c x Rartstra (1982) 
G Danke rs (1978) 
•0 + X Pany(1981) 
0 Rahman et al. (1973) 
X Parry(1965) 
10.2 	10.1 	100 	10 1 	102 	103 
grain size 
Figure 3.2. Variation of susceptibility with grain size (/.Lm) for magnetite. The units 
of x are ,um3kg'. Data compiled from nine publications. 
3.3 Titanomagnetite 
M3 for titanomagnetites varies with composition. It naturally decreases with increasing 
titanium content. From the graph of O'Reilly (1984) a value of 32Am 2kg' has been 
estimated for a titanomagnetite composition of x=0.6. A summary of the data relative 
to this assumed M3 value for titanomagnetite is given in Table 3.3. Most of the magnetic 
parameters in Table 3.3 show similar stability trends as those observed for magnetite 
in Table 3.1. However x1 SIRM/ARM and ARM are exceptions. x and ARM both 
peak in the intermediate sample, whereas a minimum is observed in the SIRM/ARM 
ratio. Generally the values of parameters such as SIRM and x are lower for the titano-
magnetites in comparison to the magnetites. However the opposite is observed for the 
ARM values which are higher in the titanomagnetites than in the magnetites. Further 
work is required in order to fully understand these types of differences. 
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Table 3.3. Summary of titanomagnetite data. 
Parameter Hard Intermediate Soft 
M3 (Am 2kg') 32 32 32 
Mr /Ms f 0.48 0.30 0.01 
SIRM(Am 2kg 1 ) 15.4 9.6 0.32 
IRM( 60mT)/SIRM 0.39 0.68 0.85 
IRM( 60mT )(Am 2 kg') 6.01 6.53 0.27 
SIRM/(kAm 1 ) 92.0 33.7 8.2 
x(p;m 3 kg 1 ) 167 285 39 
SIRM/ARM 25.3 8.9 35.2 
ARM(Am 2 kg') 0.61 1.08 0.01 
ARM( 40 T)/ARM 0.50 0.24 0.09 
ARM( 40mT)(Am 2 kg 1 ) 0.30 0.26 0.001 
(B 0)(mT) 46.1 20.5 4.4 
(B 0),.(mT) 75.0 41.0 13.0 
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Figure 3.3. Variation of remanent coercivity with grain size (jim) for titanomagnetite 
(x=0.6). Data compiled from five publications. 
Table 3.4 summarises the published data for titanomagnetite (x=0.6). The variations 
of (B 0), and x with grain size for the published titanomagnetite data are shown in 
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Figures 3.3 and 3.4 respectively. A similar trend is observed in the variation of (B0), 
for grains greater than him  in size for both titanomagnetite (Figure 3.3) and magnetite 
(Figure 3.1). The remanent coercivities of the " ljim grains of titanomagnetite are 
over three times as large as those of magnetite. This indicates that titanomagnetite is 
magnetically harder than magnetite. 








x(p.m 3kg') 339[45.7-685] 50 Day et al. (1977), 
O'Donovan et al. (1986), 
Rahman & Parry (1978), 
Dankers (1978), 
Hartstra (1982) 
SIRM(Am 2 kg 1 ) 3.38[0.47-12.12] 31 Rahman & Parry (1978), 
Dankers (1978), 
Hartstra (1982) 
Mr /MS  0.24[0.043-0.53] 19 O'Donovan et al. (1986), 
Day et al. (1977) 
(B0)(mT) 18.9[1.95-158.4] 41 Day et al. (1977), 
Rahman & Parry (1978), 
O'Donovan et al. (1986), 
Hartstra (1982), 
(B0),.(mT) 36.2[8.5-213.0] 50 Day et al. (1977), 
Rahman & Parry (1978), 
O'Donovan et al. (1986), 
Dankers (1978), 
Hartstra (1982) 
(B 0 ) 3.12[1.34-6.9] 41 Day et al. (1977), 
Rahman & Parry (1978), 
O'Donovan et al. (1986), 
Hartstra (1982) 
SIRM/(kAm') 13.21[1.09-56.1] 31 Rahman & Parry (1978), 
Dankers (1978), 
Hartstra_(1982) 
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Figure 3.4. Variation of susceptibility with grain size (/.Lm) for titanomagnetite 
(x=0.6). The units of x are jim3kg'. Data compiled from five publications. 
3.4 Haematite 
M3 for haematite is assumed to be 0.5Am 2kg' (Thompson & Oldfield 1986). The 
magnetic parameters obtained for the three haematites studied here are presented as 
averages in Table 3.5. The well known differences of the magnetic properties of haematite 
and magnetite can be seen by comparing Tables 3.3 and 3.5. Haematite is magnetically 
much weaker and more stable than magnetite. 
In the last 30 years several studies have been carried out on the magnetic properties 
of haematite of known grain sizes. Data from five of these studies are summarised in 
Table 3.6. Figure 3.5 shows the variation of the remanent coercivity with grain size. 
There is a large variation in the remanent coercivity for any grain size, especially around 
lj.tm. Figure 3.6 shows the variation of susceptibility with grain size. These two graphs 
highlight the fact that despite all the studies carried out on haematite there is still no 
clear relationship between grain size and magnetic properties. 
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Table 3.5. Summary of haematite data. 
Parameter Mean values 
M5 (Am 2 kg') 0.5 
Mr/Ms 0.39 
SIRM(Am 2 kg 1 ) 0.19 
IRM( 60mT )/SIRM 0.052 
IRM( 60mT ) (Am 2 kg 1 ) 0.011 
SIRM/(kAm') 629.2 
(B 0)(mT) 191 
(B 0),.(mT) 412 
(B 0),./(B 0 ),, 2.07 
X(am3kg') 0.317 
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Figure 3.5. Variation of remanent coercivity with grain size (,am) for haematite. The 
data are taken from Dekkers & Linssen (1989), Dunlop (1971), Hartstra (1982) and 
Dankers (1978). 
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Dekkers & Linssen (1989) found the parameter M7/((B 0), x x) to be a useful 
grain size indicator for haematite. Their data and that of Dunlop (1971) is plotted 
in Figure 3.7. The parameter M/((B 0), x x) does indeed show a reasonable grain 
size trend for each set of samples, however there is a large difference between the four 
data sets. All three haematite graphs also indicate that the magnetic properties are 
dependent on thermal history. For example differences are observed between batch 2 of 
Dekkers & Linssen (1989) and of the same samples annealed in temperatures of 700°C. 
The annealed samples tend to be magnetically harder. 








M5 (Am 2 kg 1 ) 0.233[0.093-0.3215] 13 Dunlop (1971) 
Mr/Ms 0.519[0.434-0.623] 13 Dunlop (1971) 
SIRM(Am 2kg') 0.172[0.003-0.263] 89 Dunlop (1971), 
Dankers (1978), 
Hartstra (1982), 
Dekkers & Linssen (1989) 
SIRM/(kAm') 416[12-1286] 29 Dunlop (1971), 
Dekkers & Linssen (1989), 
Hejda et al. (1992) 
(B 0)(mT) 318[120-520] 13 Dunlop (1971) 
(B 0)(mT) 310[30-821] 96 Dunlop (1971), 
Dankers (1978), 
Hartstra (1982), 
Dekkers & Linssen (1989) 
(B),./(B 0 ) 1.77[1.46-2.19] 13 Dunlop (1971) 
x(/.Lm 3kg 1 ) 1.06[0.13-3.83] 30 Dunlop (1971), 
Dekkers & Linssen (1989) 
Mr/(X x (B 0),.) 0.58[0.003-1.66] 30 Dunlop (1971), 
Dekkers & Linssen (1989) 
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Figure 3.6. Variation of susceptibility with grain size (gm) for haematite. The units of 
x are jLm3 kg 1 . The data are taken from Dekkers & Linssen (1989) and Dunlop (1971). 
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Figure 3.7. Grain size (tm) variation of the parameter Mr /(X x (B0)) for published 
data taken from Dekkers & Linssen (1989) and Dunlop (1971). 




The magnetic properties of pyrrhotite are complicated by the existense of monodinic 
and hexagonal forms and their co-existense in natural samples. Monocinic pyrrhotite is 
the more magnetic. Different M5 values for monocinic pyrrhotite have been published 
(Besnus & Meyer 1964, Menyeh & O'Reilly 1991, Worm 1991, Rochette et al. 1990, 
Clark 1984, Schwarz & Vaughan 1972, Halgedahi & Fuller 1981). The relative values 
calculated for the hard, intermediate and soft monocinic pyrrhotites based on the seven 
samples measured in this study were normalised by an average published M5 value of 
18.8Am 2kg' and are listed in Table 3.7. 
Table 3.7. Summary of Pyrrhotite data. 
Parameter Hard Intermediate Soft 
x(pm 3 kg 1 ) 20 22 76 
ARM(Am 2kg') 0.11 0.06 0.02 
ARM (40mT )(Am 2 1cg 1 ) 0.07 0.01 0.00 
ARM( 40mT )1ARM 0.63 0.12 0.00 
IRM( 60mT )(Am 2 kg 1 ) 1.88 3.34 0.38 
SIRM(Am 2 kg 1 ) 9.4 4.7 0.38 
IRM( 60mT)/SIRM 0.20 0.71 1.00 
SIRM/ARM 86 80 21 
SIRM/(kAm') 470 218 5 
M5 (Am 2 kg 1 ) 18.8 18.8 18.8 
Mr/Ms 0.50 0.25 0.02 
(B 0)(mT) 75.2 13.1 0.5 
(B 0),.(mT) 94.0 30.0 15.9 
(B 0),,./(B 0 ) 1.25 1 	2.29 31.8 
Only three published papers have been concerned with the variation of the mag-
netic properties of pyrrhotite with grain size. The data from these three papers are 
summarised in Table 3.8. Figures 3.8 and 3.9 show the variation of (B 0) and x with 
grain size. From this data (B 0), shows an almost linear relationship with grain size for 
pyrrhotite. Only a few coarse grained samples from the work of Dekkers (1988a) fall 
outwith this trend. He attributes the discrepencies in his samples as due to the presence 
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of silicate intergrowths which reduce the effective grain size. In contrast the variation of 
x with grain size does not show such a clear trend. This is probably because the type of 
pyrrhotite (i.e. monocinic or hexagonal) is important in controlling the susceptibility. 
Table 3.8. Summary of published pyrrhotite data. 
Parameter mean[min-max] No. Data Sources 
x(íim 3kg') 32.1[5.7-67.5] 54 Menyeh & O'Reilly (1991), 
Clark (1984), 
Dekkers (1988 a) 
M5 (Am 2 kg 1 ) 12.8[3.5-21.0] 45 Menyeh & O'Reilly (1991), 
Dekkers (1988 a) 
SIRM(Am 2 kg 1 ) 5.04[1.51-9.31] 54 Menyeh & O'Reilly (1991), 
Clark (1984), 
Dekkers (1988a) 
MD /MS  0.37[0.19-0.584] 54 Menyeh & O'Reffly (1991), 
Clark (1984), 
Dekkers (1988a) 
(B0)(mT) 39.2[9.8-97.2] 54 Menyeh & O'Reilly (1991), 
Clark (1984), 
Dekkers (1988a) 
(B 0 ),.(mT) 47.4[10.0-124.5] 54 Menyeh & O'Reilly (1991), 
Clark (1984), 
Dekkers (1988a) 
1.23[0.99-1.56] 54 Menyeh & O'Reilly (1991), 
Clark (1984), 
Dekkers (1988a) 
SIRM/(kAm 1 ) 203{33.2-526.6] 54 Menyeh & O'Reilly (1991), 
Clark (1984), 
Dekkers (1988 a) 
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Figure 3.8. Variation of remanent coercivity with grain size ( 1um) for pyrrhotite. The 
data are from Menyeh & O'Reilly (1991), Clark (1984) and Dekkers (1988a). 
Figure 3.9. Variation of susceptibility with grain size (jim) for pyrrhotite. The units 
of x are jim3 kg 1 . The data are from Menyeh & O'Reilly (1991), Clark (1984) and 
Dekkers (1988a). 
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3.6 Greigite 
The magnetic properties of greigite are still relatively unknown as very few studies have 
been carried out. Only three published estimates of M5 have been found. These are 
24Am 2kg' (Spender et al. 1972) and 20 - 24Am 2 kg 1 (Uda 1965, Uda 1967, Uda 
1968) for synthetic greigite and also "-i 20Am 2 kg 1 (Hoffmann 1992) for natural greigite. 
In this study a value of 20Am 2 kg' is assumed. From the assumed value of M3 , the 
values for hard and intermediate greigite were calculated and listed in Table 3.9. The 
characteristics of soft greigite remain unknown due to the lack of typical samples in this 
study and of published data. 
Table 3.9. Magnetic characteristics of hard and intermediate greigites. 
Parameter Hard Intermediate 
x(/Lm 3kg') 92 117 
ARM(Am 2 kg 1 ) 0.11 0.13 
ARM( 40mT )(Am 2 kg 1 ) 0.09 0.06 
IRM( 6o , T ) (Am 2 kg') 0.87 2.38 
SIRM(Am 2kg') 11.2 7.2 
M (Am 2 kg 1 ) 20.0 20.0 
(B 0)(mT) 47.7 26.5 
(B 0 ).,.(mT) 78.0 56.0 
ARM( 40T )/ARM 0.84 0.47 
IRM( 6OmT )/SIRM 0.078 0.330 
SIRM/(kAm') 121 62 
SIRM/ARM 105 55 
ARM/(kAm') 0.98 0.51 
Mi/MS  0.56 0.36 
(B.),I(B.) c.  1.64 2.11 
No attempt has yet been published which looks at the variation of the magnetic 
properties of greigite with grain size. Hence, unlike the other four minerals studied, it 
is not possible to plot the variation of (B 0), or x with grain size for greigite. Instead 
Figure 3.10 compares the data obtained in the present study on natural greigites with 
that of previous publications. 18 natural and three synthetic samples are plotted. We 
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can see that the synthetically grown greigites are magnetically different from the natural 
samples. The synthetic samples are softer. Snowball (1991) believes the difference 
observed between the magnetic properties of the synthetic and natural greigites is due 
to synthetic samples containing a mixture of grain sizes including MD and SPM, thus 
reducing the values of Mr/Ms and (B 0 ) as observed in Figure 3.10. In comparison the 
natural samples are restricted to the SD/PSD grain size range. 
III Hotfmann (1992) net 
Snowball and Thompson (1992) nat 
' 	Snowball (1991) net 
Snowball (1991) syn 
)( Spender et al. (1972) syn 
0 This study 
0 	10 	20 	30 	40 	50 	60 
Coercivity (ml) 
Figure 3.10. Comparison between previously published data and data obtained in this 
study for greigite. 
3.7 Summary 
The characterised samples of Chapter 2 provide the basis for summarising the magnetic 
properties of hard, intermediate and soft examples of the five minerals studied. The 
range of data obtained in the present study and the previous publications match well 
for magnetite. From the published data a clear trend is observed in the variation of 
(B 0), with grain size for magnetite. A peak at "-' 1.tm is observed. A similar trend 
is observed in the variation of (B 0 ) with grain size for titanomagnetite. However the 
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remanent coercivities of titanomagnetite are higher than those for magnetite indicat-
ing that titanomagnetite is magnetically harder than magnetite. The summaries of the 
natural magnetite and titanomagnetite data from this study indicate that titanomag-
netites have higher ARM values than magnetites. The summarised haematite data from 
previous publications highlights how little is currently known about the variation of the 
magnetic properties of haematite with grain size. Large variations in (Bo), and x data 
are observed for any given grain size. A very clear trend is observed in the variation 
of (B0), with grain size for pyrrhotite. The trend of x with grain size for pyrrhotite 
is not as clear. This is possibly due to (B0), measurements being independent of 
the pyrrhotite phase (monocinic or hexagonal) whereas x is dependent on phase. At 
present the variation of the magnetic properties of greigite with grain size is still a mys-
tery. Comparison of the magnetic properties of natural and synthetic greigite indicates 




Natural samples are complicated mixtures of many different types of crystals, including 
a wide range of grain sizes. Some crystals are dispersed, some in clumps. Often mag-
netic minerals occur as minor constituents in quite low concentration of just a few parts 
per thousand. The aim of this chapter is to explore which magnetic parameters or com-
bination of parameters are the most useful in helping to characterise natural materials 
which contain mixtures of magnetic minerals. As we have seen in Chapters 2 and 3 
natural magnetic minerals display a very wide range of magnetic properties. Many of 
the individual properties show overlapping characteristics between minerals. However, 
as we will see, combinations of properties can be much more diagnostic. 
As a first step towards mineral and grain size identification various qualitative ap-
proaches are considered in this chapter. Then, in the next chapter (5), a more formal, 
fully quantitative approach is developed. 
61.1 
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4.2 Mineralogy 
Haematite is the only mineral of the five studied, which can be separated from the others 
using a single magnetic parameter. Due to the high stability of haematite, coercivities 
of greater than lOOmT indicate the presence of it. High remanent coercivity is similarly 
characteristic of haematite. 
Magnetite, titanomagnetite, pyrrhotite and greigite have similar magnetic proper-
ties therefore no single room temperature magnetic parameter was found which can 
conclusively identify any of these four minerals. However certain parameters can indi-
cate the likelihood of a mineral. For example SIRMIX is a very useful parameter for 
indicating the presence of pyrrhotite. Similar to the results found in this study, Dekkers 
(1988a) found very high values of SIRMIX for pyrrhotite. Snowball (1991) also reports 
high values of SIRMIX for greigite. This study, however, indicates that the SIRM/ 
values for greigite are less than those for pyrrhotite and similar to those of hard mag-
netite/titanomagnetite. Additionally very low values of SIRM/ (<4kAm') indicate 
very soft magnetite/titanomagnetite. It is much harder to find individual magnetic 
properties which indicate the presence of hard magnetite. Rochette et al. (1990) list 
certain criteria which are useful for distinguishing between pyrrhotite and magnetite. 
These are, first for pyrrhotite, Mrs/Ms > 0.2, (B 0),./(B 0) < 1.5 and M 5 /k > (B0),., 
and secondly for magnetite, MDS /MS < 0.2, (B 0),./(B 0 ),, > 2 and Mrs/k < (B0),. (un-
less the grains are single-domain and strongly anisotropic). The results from the present 
study and other previously published data (cf Chapter 3) indicate that the Rochette 
et al. (1990) generalisations of the Mrs/Ms and (B 0),./(B 0 ) ratios are true for a large 
number of natural samples. But, unfortunately, it is not true for all samples. Overall 
finding single room temperature magnetic parameters which conclusively confirm the 
presence of magnetite or titanomagnetite proved impossible. 
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4.3 Domain State 
As shown in Chapter 3 the magnetic parameters of the 39 magnetites, titanomagnetites 
and pyrrhotites examined in this study almost span the entire range of previously pub-
lished data. This indicates that the samples contain SD, PSD, and MD grains. Com-
pared with previously published data the greigite samples are believed to contain SD 
and PSD grains. Due to the uncertainty of the magnetic properties of haematite, the 
domain state of the samples studied is unknown. However the rather low coercivities of 
under 250mT indicate they are most likely to be PSD or MD. 
MD samples are magnetically soft and can be identified using remanence stability 
parameters. For example they have high IRM60mT/SIRM ratios, and low values of 
ARM40 mT/SARM and (B 0). One major rock magnetic problem that has been a dif-
ficulty for many decades is that some MD properties are very similar to SPM properties 
and so MD grains can be confused with the presence of SPM grains. For example low 
values of Mr/Ms and (B 0 ) ç can indicate the presence of either MD or SPM grains. It 
is even harder to confirm the presence of SD grains in a sample than MD grains. SD 
grains have high stability. However high stability can also be an indicator of mineral-
ogy as different minerals have very different stabilities. An example of the difference 
in the coercivity between minerals can be seen by comparing the data in Tables 3.2 
and 3.4. SD magnetite has coercivities up to 30.5mT whereas the coercivity of SD 
titanomagnetite reaches 158.4mT. Within the stability range of a particular mineral 
low IRM60mT/SIRM and high ARM 40mT/SARM, (B 0 ),., (B 0 ) and Mr/Ms ratios 
indicate the presence of SD grains. One way of overcoming the problem of the differ-
ent minerals having different stabilities is to use the ratio of remanence coercivity and 
coercivity. The often used ratio of (B 0)./(B (,) (e.g. Wasilewski (1973)) appears to 
almost eliminate the effects of the different mineralogies. Values of (B0)/(B 0 ) < 1.5 
indicate the presence of SD grains (Day et al. 1977). As usual the presence of SPM 
grains in a sample can lead to anomalous results. Mixtures of SPM and SD grains have 
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(B0 ),.1(B0 ) ratios typical of PSD or even MD grains. PSD grains appear to show a 
continuous variation between SD and MD grains. 
In summary, although no single parameter can conclusively identify SPM, SD, PSD 
or MD grains, there are numerous magnetic parameters which can give a good first 
indication of domain state. 
4.4 Grain Interactions 
Grain interactions are important when attempting to classify domain state as interac-
tions affect the observed magnetic properties. Interacting SD grains have lower (B0 ) 
and Mi/MS ratios than non-interacting SD grains (Davis & Evans 1976). Grain inter-
actions also affect magnetisation and demagnetisation. Interactions cause magnetisa-
tion to be harder and demagnetisation to be easier (Thompson & Oldfield 1986). The 
Wohlfarth 'R' ratio is a commonly used method for assessing interactions (Wohlfarth 
1958, Cisowski 1981). The R ratio is the cross over point of the IRM acquisition curve 
and the a.f. demagnetisation of SIRM curve. Non-interacting SD grains have values 
of 0.5 i.e. magnetisation and demagnetisation are equally easy. Interacting grains have 
lower R ratios. Figure 4.1 shows the range of R ratios for 53 characterised samples used 
in this study. Due to the low maximum alternating field used the haematite samples 
were not sufliciently demagnetised and hence no cross-over of the two IRM curves was 
observed. A wide range of R ratios are found. Greigite displays unusually low R ratios 
while titanomagnetite tends to have the highest R ratios. 
4.5 Biplots 
Biplots are a useful qualitative graphical technique for combining magnetic parameters 
in order to emphasize the properties of certain minerals and domain states and hence 
allow their identification. Figures 4.2 - 4.4 show three examples of such biplots. All 
three biplots involve magnetic ratios as ratios largely eliminate the effects of magnetic 
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Figure 4.1. Wohlfarth Ft ratios for 53 characterised samples. R ratios could not be 
determined for the three haematite samples. 
concentration. 
We first consider the well known biplot of SIRM/ vs (B 0),., Figure 4.2 (cf Thomp-
son & Oldfield (1986)). Here haematite can clearly be identified from the other minerals 
due to its high remanent coercivities. Other interesting features of this graph are the 
distinction of pyrrhotite (with the exception of one sample) from magnetite, titanomag-
netite and greigite due to its high SIRMIX ratios. These SIRMIX ratios of around 
500kAm' are comparable to the haematite SIRMIX ratios. A difference is also ob-
served between the soft magnetite and titanomagnetite samples. The titanomagnetite 
samples have higher SIRMIX ratios of upto 20kAm 1 . With the exception of one 
titanomagnetite sample (which contains a mixture of SPM and SD grains) the titano-
magnetites follow an almost linear trend on the SIRM/ vs (B 0),. graph. A linear trend 
is not observed for the magnetite samples. The greigite samples all plot together on the 
SIRM/ vs (B 0), graph and have similar SIRMIX ratios to the hard magnetite and 
titanomagnetite samples of about lOOkAm'. One problem with using the parameter 
SIRMIX is that the x values include paramagnetism and superparamagnetism. Thus 
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for very weak samples the susceptibifity values could be significantly increased by the 

















Remanent Coercivity (mT) 
Figure 4.2. SIRM/ vs (B 0), showing a clear distinction of haematite from the other 
four minerals, and a reasonable distinction for most pyrrhotites. 
Although the SIRM/ vs (B 0), biplot shows a reasonable distinction of pyrrhotite 
from the other minerals, Figure 4.3 shows the complete distinction of pyrrhotite from 
magnetite, titanomagnetite and greigite. The separation was achieved by combining 
the ratio SIRMIX with the ARM demagnetisation ratio, ARM 40 T/SARM. One 
pyrrhotite (the softest sample, cpu) is missing from this graph due to the logarithmic 
scales. Cp11 has an ARM( 40mT )/SARM ratio of 0. Its SIRMIX ratio of 4.5kAm 1 is 
however higher than the ratios of the other soft minerals. Additionally for magnetite, 
titanomagnetite and pyrrhotite the samples with the lowest ratios of SIRMIX and 
ARM40 mT/SARM are MD and plot towards the lower lefthand corner. The samples 
with the highest ratios are SD and plot towards the upper righthand corner. 
The ARM demagnetisation ratio has also proved useful in identifying greigite. When 
combined with the d.c. demagnetisation of SIRM ratio, IRM_ loo,T/SIRM, the pair 
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Figure 4.3. SIRM/X VS ARM( 40mT)/SARM showing clear distinction of pyrrhotite 
from magnetite, titanomagnetite and greigite. 
The biplot of IRM_ 100mT/SIRM verses ARM40 mT/SARM is shown in Figure 4.4. In 
addition the trend from the SD to PSD greigites is shown on the graph. The SD grains 
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Figure 4.4. IRM(_ lcjOmT)/SIRM vs ARM( 40mT)/SARM. On this biplot greigite is 
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The three biplots of Figures 4.2 - 4.4 show how different the magnetic properties 
of the iron suiphides, pyrrhotite and greigite, can be. Magnetic properties of mag-
netite and titanomagnetite tend to be more intermediate. We see then that haematite, 
greigite and pyrrhotite can be identified on the biplots. Discrimination of magnetite 
and titanomagnetite is surprisingly more elusive. Attempts were made to distinguish 
magnetite/titanomagnetite from pyrrhotite/greigite using other simple combinations of 
the magnetic parameters, but no method is particularly successful. Similarly magnetite 
could not be distinguished from titanomagnetite using this biplot technique. 
0 1 	2 	3 	4 	5 	6 
Remanent coercivity / Coercivity 
Figure 4.5. Biplot of Day et al. (1977). The grid shows the variation of the parameters 
M/M 3 and (B0),./(B 0 ) with domain state. 
The domain states of samples have been described with reference to Figures 4.2 - 
4.4. These parameters are mainly dependent on mineralogy, for example SD pyrrhotites 
have higher IRM_lOO mT/SIRM values than SD greigites as shown in Figure 4.4. The 
biplot of Day et al. (1977) is a good way of determining domain state independent of 
mineralogy providing there is not a mixture of domain states within a given sample. 
Figure 4.5 shows the graph plotted using the data from this study. Four magnetites and 
one pyrrhotite are missing from the graph as they have (B0),.1(B 0 ) values of greater 
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than six. The arrows on the biplot indicate what happens if SPM grains are mixed 
with grains of other domain states. MT /MS values are lowered and (B0),.1(B0 ) values 
are increased with the inclusion of SPM grains. This is highlighted by the strange 
positioning of one of the titanomagnetites in Figure 4.5. 
4.6 Discriminant Analysis 
Discriminant analysis is a multivariate statistical procedure which compares variables 
from a number of groups and then combines them linearly to produce discriminant 
functions which show the greatest separation and least dispersion between the groups 
(Isphording & Flowers 1980, de Menocal et al. 1988). In the following examples the five 
different minerals form the groups and all the different magnetic parameters (20 in all) 
are the variables. The statistical package BMDP, subprogram P7M (Dixon 1985) was 
used to carry out the multivariate discriminant analyses. We will now see how the use of 
more magnetic parameters, in some cases upto 18, can help in magnetic discrimination. 
First an attempt was made to distinguish the iron oxides, magnetite and titano-
magnetite from the iron suiphides, pyrrhotite and greigite. When, as in this case, only 
two groups are used, only one discriminant variable is found. Plotting the discrimi-
nant variable against SIRMIX proved helpful, as shown in Figure 4.6. The variables 
selected in the analysis and their coefficients are listed in Table 4.1. A combination of 
ten parameters was required to achieve separation of the oxides and suiphides. Despite 
magnetite/titanomagnetite showing magnetic properties intermediate between those of 
pyrrhotite and greigite, the discriminant analysis manages to distinguish the oxides from 
the suiphides. The values of the different variables chosen in the analysis have such dif-
ferent ranges e.g. M/M 5 and (B0 ) that the coefficients of the variables can not be used 
to give an indication of which variables are mainly responsible for emphasising the ob-
served differences. However the standardised coefficients also found by the cliscriminant 
analysis do indicate which parameters are the most important in the discrimination. 
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From Table 4.1 the two most important parameters for distinguishing between the iron 

















discriminant analysis variable 1 
Figure 4.6. Discriminant analysis biplot showing the separation achieved between the 
iron suiphides (pyrrhotite and greigite) and the iron oxides (magnetite and titanomag-
netite) through the linear combination of ten magnetic parameters. 
Table 4.1. Coefficients of discriminant analysis variable 1 plotted in Figure 4.6. The 
two most important parameters for showing the observed separation are indicated by 
Parameter Variable 1 
(B 0)(mT) 0.17604 * 
(B 0 ),.(mT) 0.07685 
Bi 1 (mT) -0.10111 
R 15.81205 
XLI -0.31876 
ARM/(kAm 1 ) -0.21268 
IRM6 T/SIRM 8.99790 
IRM_ lo T/SIRM 4.01342 
SIRM/X(kAm') -0.00426 
MT /MS -13.82540 * 
constant -4.00089 
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The purpose of the second discrirninant analysis was to show the separation that 
can be achieved between the three groupings of (i) magnetite/titanomagnetite, (ii) 
pyrrhotite and (iii) greigite on one biplot. The separation was achieved using the two 
discriminant variables plotted in Figure 4.7. The difference between the three groups 
is clearly seen using variable 2. The coefficients of discriminant variables 2 and 3 are 
listed in Table 4.2. 16 variables were selected in this analysis. The most important 
parameters selected are the remanence parameters, (B 0 ),,. and ARM40 mT/SARM, for 
variable 2. Again we see that the most important parameters for distinguishing between 
the oxides and sulphides are the hysteresis loop parameters, (B 0 ) and MD /MS , as shown 
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Figure 4.7. Discriminant analysis biplot showing the separation that can be achieved 
between the iron oxides (magnetite and titanomagnetite), pyrrhotite and greigite when 
a combination of 16 magnetic variables are used. 
On the basis of individual measurements (Chapter 2) or combination of pairs of 
magnetic parameters (Section 4.5) the only magnetic parameter which could success-
fully distinguish between magnetite and titanomagnetite was found to be the Curie 
temperature. Discriminant analysis was carried out on 20 magnetic parameters to see 
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Table 4.2. Coefficients of discriminant analysis variables 2 and 3 plotted in Figure 4.7. 
The two most important paramters for each variable are indicated by 
Parameter Variable 2 Variable 3 
MDFARM(mT) 0.11080 -0.05489 
(B 0)(mT) -0.06143 0.14095 * 
(B 0)..,.(mT) 0.08943 * 0.05244 
(B 0).1(mT) 0.01075 0.03959 
Bi 1 (mT) -0.06227 -0.06472 
R 5.92208 14.94626 
Xif 0.35049 -0.32055 
ARM/(kAm 1 ) 0.14927 -0.22667 
ARM( 4 T)/ARM -17.52587 * 3.00925 
IRM( 60mT)/SIRM 7.28145 9.35114 
IRM( loo T)/SIRM 1.76594 3.33306 
IRM(_ 100mT)/SIRM 2.54069 3.74694 
SIRM/(kAm') 0.00837 -0.00340 
Mr/Ms 7.57673 -12.50163 * 
(B 0 ),.,./(B 0 ) 0.00553 -0.00443 
SIRM/ARM 0.01483 -0.00050 
constant -10.87731 -7.84845 
if any combination of room temperature magnetic measurements could distinguish be-
tween them. Greigite was also included in this analysis due to its similarities to the hard 
magnetite and titanomagnetite samples. No single discriminant variable was found to 
distinguish these three groups, however the combination of discriminant variables 4 and 
5, shown in Figure 4.8, is seen to be extremely successful. The coefficients of the 18 
variables required in these distinctions are listed in Table 4.3. IRM6T/SIRM and 
Mr/Ms are the two most important parameters for the discrimination of greigite from 
magnetite/titanomagnetite using variable 5. MDFARM and ARM 401SARM are the 
most important parameters responsible for the discrimination of magnetite and titano-
magnetite using variable 4. 
Finally a discriminant analysis was carried out using only magnetite and titano-
magnetite data. Only two groups were used resulting in the calculation of only one 
variable. The variable is plotted against ARM 40mT/SARM in Figure 4.9 and shows a 
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Figure 4.8. Discriminant analysis biplot showing the differences between magnetite, 
titanomagnetite and greigite using variables which are a combination of 18 magnetic 
parameters. 
clear separation of magnetite and titanomagnetite. The coefficients of the discriminant 
analysis variable are listed in Table 4.4. Of the 16 parameters used in the analysis, 10 
were selected. The two main parameters which contribute to the discriminant variable 
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Figure 4.9. Discriminant analysis biplot showing the differences between magnetite 
and titanomagnetite using a linear combination of ten magnetic parameters. 
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Table 4.3. Coefficients of discriminant analysis variables 4 and 5 plotted in Figure 4.8. 
The two most important parameters for each variable are indicated by *• 
Parameter Variable 5 Variable 4 
MDFARM(mT) 0.01976 0.43193 * 
(B 0)(mT) 0.00916 -0.07133 
(B o ) c ,.i(mT) 0.04385 -0.01817 
B1 1(mT) 0.03188 -0.15244 
R 10.07541 37.09501 
Xlf 0.08047 -0.06637 
ARM/(kAm') 1.14985 -1.57363 
ARM( 40 T)/ARM -6.91957 -23.95952 
* 
IRM( GOm T)/SIRM 6.04828 1.30842 
IRM( lOOm T)/SIRM 8.10620 * 6.34815 
IRM(_ loo T)/SIRM 5.56393 0.39035. 
SIRM/(kAm') 0.00756 0.10127 
Mr/Ms 45.36372* 9.54289 
(B 0),./(B 0 ) -0.00449 0.01760 
SIRM/ARM 0.01470 -0.00253 
B1 1/(B 0 ),I -4.31678 -2.98360 
B1 1/(B 0 ) 1 ,. 1.63144 -19.68892 
(SIRM/)/(B 0),. 1.86259 -2.74115 
constant -9.41411 5.52020 
Table 4.4. Coefficients of discriminant analysis variable 6 plotted in Figure 4.9. The 
two most important parameters are indicated by * 
Parameter Variable 6 
MDFARM(mT) 0.18850 
(B0),.(mT) 0.39682 * 
(B 0).i(mT) -0.11454 
BL1(mT) 0.35569* 
R 6.41661 
Xlf 	. 0.08478 
ARM/(kAm 1 ) -0.61954 
ARM( 4 T)/ARM -17.75079 
Mr/Ms 2.19658 
(B 0)./(B 0 ) 0.02464 
constant -4.65508 
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In conclusion discriminant analysis produced new variables which are a linear corn-
bination of several magnetic parameters and which did indeed achieve the desired sep. 
arations. Unfortunately the discriminant analysis produces very complicated variables 
and needs measurements of many magnetic parameters. Discriminant analysis however 
shows that it is possible to distinguish the different magnetic minerals using only simple 
room temperature magnetic measurements. 
4.7 Summary of Qualitative Techniques 
Figure 4.10 summarises all the magnetic measurements used in this study and indicates 
their usefulness in identifying the different minerals and domain states. For example 
(i) ARM demagnetisation data is used to identify pyrrhotite, greigite, magnetite and 
titanomagnetite, (ii) the hysteresis ioop parameters give an indication of domain state, 
(iii) alternating field demagnetisation of SIRM is useful for looking at grain interactions 
and (iv) all the magnetic data is required to discriminate magnetite and also titano-
magnetite from the other minerals. 
Figure 4.11 summarises graphically the ways in which the different minerals can be 
identified using simple combinations of the room temperature magnetic data. In Fig-
ure 4.11 (a) the data from this study was combined with the previously published data 
referenced in Chapter 3 and the overall mineralogy and domain state trends sketched. 
The additional goethite data are from Dekkers (1988b). This graph shows that although 
haematite can be distinguished from the other minerals measured in this study, using 
this particular biplot there is a small overlap between its magnetic properties and those 
of goethite. Pyrrhotite can be identified by combining the x ARM demagnetisation 
and IRM acquisition data as shown in Figure 4.11 (b), and greigite can be identified by 
combining the ARM demagnetisation and IRM acquisition data as shown in Figure 4.11 
(c). 
Chapter 4. Qualitative Identification 
	
73 
Distinguishing magnetite, and similarly titanomagnetite, from all the other miner-
ais required a more complicated combination of the room temperature magnetic data. 
Discriminant analysis shows that discrimination is achievable with room temperature 
magnetic data. The next chapter moves onto investigate a new approach to magnetic 
unrnixing that not only achieves discrimination but also makes quantitative estimates 




















Figure 4.10. Summary of magnetic measurements and identification of different min-
erals. 
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Figure 4.11. Summary of biplots used for qualitative identification of magnetic min-
erals. 
Chapter 5 
Quantitative Hysteresis Loop 
Mixing and Unmixing 
"When the magnetic interactions between the particles are negligible, as it may be as-
sumed for dilute mixtures, the magnetization curves of the components can be superposed 
linearly" 
Kneller 4 Luborsky (1963) 
5.1 Introduction 
The main reason for studying the mixing and unrnixing of hysteresis loop data is to 
determine the magnetic concentrations of different components in natural samples. In 
Section 5.2 a description of magnetic concentration is given. Then Section 5.3 describes 
the mixing of hysteresis ioop data of different ferrimagnetic and paramagnetic com-
ponents. The mixing calculations are carried out to investigate the variation of the 
overall shape of hysteresis loops and of selected hysteresis ioop parameters for different 
combinations of magnetic minerals. The mixing calculations of Section 5.3 lead on to 
unmixing hysteresis loop data in terms of selected end-members (Section 5.4). Two 
75 
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possible types of end-members are considered. First a description is given of uninixing 
hysteresis loops in terms of different magnetic minerals and domain states. Hence we 
can identify and quantify the different magnetic components in natural samples. Sec-
ondly, unmixing of hysteresis loops of sediments in terms of possible natural sources is 
considered. Unmixing in terms of sources can give an indication of the style of erosion 
within a catchment. 
5.2 Magnetic Concentration 
Chapter 4 discussed the ways in which different magnetic minerals and domain states 
could be identified qualitatively. An additional important consideration to make when 
interpretating mineral magnetic data of natural samples is the concentration of magnetic 
material. 
The most commonly used parameter for estimating the magnetic concentration is 
susceptibility, X . It is used because of the ease and speed with which it can be mea-
sured. Its accuracy in determining the true concentration of magnetic material in nat-
ural samples is however limited. x as already shown in Chapter 3 varies not only 
with mineralogy, but also grain size. Thus x is only really effective for estimating the 
concentration of samples which have a single mineralogy and single grain size. Such 
samples are rarely found. Natural samples tend to be mixtures of different minerals 
and domain states. One other disadvantage of using x data is that it is a measure of 
not only ferrimagnetism, but also para- and diamagnetism. Thus if a sample has only a 
very small ferrimagnetic component and a very large paramagnetic component, it will 
appear to have a higher magnetic concentration than it actually has. 
Remanence parameters, e.g. SIRM and ARM, have also been used as concentration 
indicators. Similar to x they also have different values for different minerals and domain 
states as shown in Chapter 3. However SIRM and ARM have the advantage that they 
are measures of ferrimagnetism only. 
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It is impossible to estimate the magnetic concentration of different magnetic com-
ponents of natural samples using a single magnetic parameter. One possible way to 
overcome the above problem and to actually get a quantitative estimate of the concen-
tration of different minerals and their domain states is to use complete hysteresis loop 
measurements. Usually only selected hysteresis ioop parameters e.g. (B0 ) and Mr/M3 
(cf Chapter 4) are used when analysing hysteresis loop data. However, as will be shown 
below, the overall shape of the complete hysteresis loops can give an indication of miner-
alogy and domain state, while magnetic concentration can be estimated from the height 
of the loop. 
5.3 Mixing calculations 
Natural samples tend to be mixtures of different magnetic minerals and different domain 
states. Evidence of mixtures can be obtained from magnetic measurements. Thermo-
magnetic curves exhibiting more than one Curie temperature can be used to qualitatively 
identify different mineralogies. The shape of IRM acquisition and d.c. demagnetisation 
of SIRM curves have previously been used to qualitatively identify low coercivity and 
high coercivity minerals. In a similar way to the IRM curves the overall shape of hys-
teresis loops can also give an indication that samples contain magnetic mixtures. Only 
a very small proportion of the mass of natural samples is due to ferrimagnetic compo-
nents. Paramagnetic/diamagnetic components usually dominate the mass. The param-
agnetic/diamagnetic component of magnetisation can be observed in the gradient of the 
hysteresis loop in high fields. High positive gradients are due to high concentrations of 
paramagnetic components. In contrast negative gradients result from high concentra-
tions of diamagnetic components. Paramagnetic components are magnetically dominant 
over diamagnetic components. Ferrimagnetic components increase the gradient of the 
hysteresis loop in low fields and also open the hysteresis loop. Thus ferrimagnetic, para-
magnetic and diamagnetic components can be identified from the shape of hysteresis 
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loops 
Samples containing different ferrimagnetic components can produce hysteresis loops 
which can not be explained in terms of a single mineralogy/domain state. For example 
natural samples containing mixtures of high stability and low stability ferrimagnetic 
components can exhibit wasp-waisted hysteresis ioops. asp-waisted hysteresis ioops 
are open in high fields and constricted in low fields. Several studies have reported nat-
ural samples which exhibit wasp-waisted hysteresis loops. Examples are Oldfield et al. 
(1981), Borradaile et al. (1993), Mallik et al. (1993), Pick & Tauxe (1993) and Channell 
& McCabe (1994). These five studies include wasp-waisted hysteresis loops due to (i) 
magnetite and haematite mixtures and (ii) SPM and SD magnetite mixtures. Wasp-
waisted hysteresis loops clearly indicate the presence of more than one ferrimagnetic 
phase. However wasp-waisted hysteresis loops are only observed for particular ratios of 
certain minerals/domain states. So natural samples that contain ferrimagnetic mixtures 
do not neccesarily generate wasp-waisted hysteresis loops. However as will be shown 
in Section 5.5 unmixing calculations can still reveal the presence of mixtures. In this 
section (5.3) the variation of the shape of hysteresis loops and also selected hysteresis 
loop parameters are investigated for mixtures of different minerals and domain states. 
5.3.1 Principle and Procedure 
The main principle underlying the use of hysteresis loop data for quantitative purposes 
is that the magnetisations can be added linearly (Kneller & Luborsky 1963). Thus 
the hysteresis loop of a sample containing mixtures of minerals or domain states is 
the resultant of adding the magnetisations of the individual components. Here we are 
assuming we are dealing with dilute samples, which in the case of natural samples is a 
reasonable assumption. We are also assuming that magnetic interactions are the same in 
the unmixed and mixed states. This second assumption is currently under some debate. 
Variable interactions could occur in dilute mixtures through the clustering or clumping 
of magnetic grains. A study carried out by Hejda et al. (1994) indicates that it is not 
Field (1) 
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valid to assume interactions are negligible between magnetite and haematite grains. 
Hejda et al. (1994) mixed haematite grains in mass percentages from 0.5 to 6.0 % with 
magnetite, which had a mass percentage of either < 0.1 or 0.3%. Their magnetic grains 
were dispersed in a diamagnetic matrix of NaCl. They subtracted magnetisation data 
of the relevant magnetite component to produce a residual hysteresis loop, which they 
compared with the hysteresis loop of the relevant amount of haematite. An example of 
their results is shown in Figure 5.1. 
Figure 5.1. An example of the results obtained by Hejda et al. (1994). The residual 
curve is indicated by diamond symbols. The solid line represents the pure haematite 
loop expected. 
Hejda et al. (1994) attribute the differences between the two sets of measured hys-
teresis loops to grain interactions. It is interesting to note the discrepancies between the 
M values for their residual and haematite hysteresis loops. It appears in some cases 
that their proposed grain interactions reduce M3 . This is very surprising. Hejda et al. 
(1994) provide no explanation for these reductions in M3 . In comparison micromagnetic 
modelling indicates interactions between haematite and magnetite grains have no effect 
on the magnetic properties of the hysteresis loops (W. Williams, pers. comm.). There-
fore in the present study it is asumed that although magnetic interactions do occur and 
are detectable in nearly all samples (cf Figure 4.1), the interactions are the same in the 
end-members and target materials. 
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In the following sections, 5.3.2 to 5.3.6, five mixtures of (i) magnetites of different 
domain states, (ii) magnetite and haematite, (iii) magnetite and pyrrhotite, (iv) mag-
netite and greigite and (v) magnetite and paramagnetic components are investigated. 
The procedure followed in these investigations involved five steps: 
From the 56 characterised samples described in Chapter 2 eight hysteresis ioops 
showing extreme stabilities of magnetite, haematite, pyrrhotite and greigite were 
selected. (Titanomagnetite hysteresis ioops were not included due to their simi-
larity to magnetite hysteresis loops.) 
The hysteresis loop of a "mixture" was found by linearly adding the magnetitsa-
tions of each component in particular ratios. The addition of the magnetisations 
was carried out at each field value of the hysteresis loop. 
The well known values of Mr /Ms and (B 0 ) were calculated for each new model 
hysteresis ioop. 
An additional parameter, the W-ratio was calculated for each ioop. The W-ratio 
is defined to be the width of the hysteresis loop at 0.8 of its maximum height 
divided by twice the coercivity. The W-ratio can give an indication of how wasp-
waisted a hysteresis ioop is. W-ratios greater than 1 indicate the hysteresis ioop 
is wasp-waisted. 
Finally for each pair of components 101 mixing calculations were made at 1% 
intervals between 0 and 100% and the hysteresis ioop parameters, Mr/MS , (B 0 ) 
(of step 3) and the W-ratio (of step 4) were plotted against the component per-
centages. 
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5.3.2 Different Domain States of Magnetite 
In the first of the five mixtures studied the variation of the hysteresis ioops of mixtures 
of different domain states of magnetite is investigated. Figure 5.2 shows the hysteresis 
ioops of the different domain states of magnetite used in the mixing calculations. 
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Figure 5.2. Hysteresis ioops of magnetites used in mixing calculations. (a) SPM 
magnetite (Mr /Ms = 0 and (B 0) = 0) The grain sizes are given in Angstroms. (b) SD 
magnetite. (c) MD magnetite. 
Figure 5.2 (a) shows three examples of superparamagnetic hysteresis loops. All 
these ioops are theoretical not experimental ioops. The magnetisation values of the 
superparamagnetic hysteresis ioops were calculated using Equation 1.1. The calculations 
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were based on three different equi-dimensional grain sizes of 50A, iooA and 300A, thus 
cubic volumes of 1.25 x 10 25 m3 , 1 x 10 24m3 and 2.7 x 10 23m3 respectively. The 
SPM/SD boundary is reported to be 300A for magnetite (Dunlop 1973). The hysteresis 
loops of SD magnetite and MD magnetite shown in Figure 5.2 (b) and (c) are based on 
the measurements of the natural characterised samples described in Chapter 2. 
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Figure 5.3. Examples of hysteresis loops of SD and MD magnetite mixtures. 
Figures 5.3 - 5.6 show the results obtained for mixing SD magnetite and MD mag-
netite. Four examples of hysteresis ioops of SD/MD magnetite mixtures are shown in 
Figure 5.3. With increasing MD content (from (a) to (d)) we see decreases in Mr/Ms , 
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Figure 5.4. Mixing hysteresis ioops of SD and MD magnetite. (a) Variation of Mr/MS  
with increasing MD and decreasing SD content. (b) Variation of coercivity. (c) Variation 
of the W-ratio. 
Figure 5.4 summarises the magnetic parameters calculated for all the SD/MD mag-
netite mixtures. In Figure 5.4 (a) the variation of Mr/Ms with increasing MD magnetite 
content is shown. A linear decrease is observed for the variation in Mr/MS from 0.32 
for 100% SD magnetite to 0.005 for 100% MD magnetite. The linear decrease is due to 
SD and MD magnetite having the same value of M5 . An almost linear trend is observed 
in Figure 5.4 (b) for the variation of (B 0 ) with MD content. The regularity of the 
trend is caused by the similarity of the low field steepness of the SD and MD magnetite 
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obtained for the variation of (B 0) with MD content by Bean (1955) when he carried out 
mixing calculations on theoretically derived hysteresis loops of SD and MD magnetite. 
Figure 5.5. The results obtained by Bean (1955). (I) SPM and SD magnetite mixtures. 
(II) SD and MD magnetite mixtures. 
The low values of the W-ratio (i.e. W < 1) shown in Figure 5.4 (c) indicate that 
wasp-waisted hysteresis loops are not found for mixtures of SD and MD magnetite. 
Higher percentages of MD magnetite tend to lower the field at which closure of the 
hysteresis ioop is observed and hence lower the W-ratio. The lack of the wasp-waisted 
shape in SD/MD magnetite mixtures can be attributed to the close similarities of low 
field steepness and approach to saturation of SD and MD magnetite hysteresis loops. 
The slight increase and then sharp decrease in the W-ratio at high percentages of MD 
magnetite seen at the right hand side of Figure 5.4 (c) is attributed to slight defects in 
the smoothness of the MD magnetite hysteresis ioop measuements obtained using the 
Molyneux VSM. 
The coercivities of the calculated SD/MD magnetite mixtures of Figure 5.4 (b) span 
the range of the coercivities of magnetites which are believed to be PSD (Chapter 3). 
In an attempt to see if there is any simple difference between the theoretical SD/MD 
mixtures and the natural PSD samples, Figure 5.6 was plotted. The line in Figure 5.6 
shows the calculated variation of M/M 8 versus (B 0 ) for the SD/MD mixtures. The 
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squares show data measured on the natural PSD samples. All but one of the natural 
PSD samples have higher Mr/Ms :(Bo ) c ratios than the theoretical mixtures. Thus 
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Figure 5.6. Variation of MD /MS verses (B 0 ) for the natural characterised PSD mag-
netite samples and the calculated SD/MD magnetite mixtures. The one sample that 
plots below the calculated curve had probably been incorrectly classified. 
The results of mixing SPM and SD magnetite are shown in Figures 5.7 and 5.9. The 
calculations were carried out for SD magnetite added to each of the three SPM curves 
shown in Figure 5.2. Figure 5.7 shows four examples of mixing SPM grains, 300A in 
size, with SD magnetite in different ratios. The wasp-waisted shape of the hysteresis 
loops can be clearly seen. Hysteresis loops similar to those shown in Figure 5.7 were 
obtained by Pick & Tauxe (1994). An example of their results is shown in Figure 5.8. 
They combined hysteresis loop data of a "standard" SD magnetite with four different 
SPM hysteresis loops with differing degrees of low field steepness. The different SPM 
steepnesses were attributed to different grain sizes, although the actual sizes were not 
specified. The SPM hysteresis loops used by Pick & Tauxe (1994) are similar to the 
hysteresis loop of the 300A grain size used in this study, i.e. the approach to saturation 
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is not curved like the hysteresis loops of the bOA and 50A grain sizes. They appear 
to have mixed the hysteresis loops in the ratio of SPM:SD magnetisations of 2:1 and to 
have used a limited grain size range. Their resulting hysteresis loops show a variation 
in shape from "pot-bellied" to wasp-waisted with increasing low field steepness of the 
hysteresis loops. The results of Pick & Tauxe (1994) are thus entirely consistent with 
the results of the present study. 
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Figure 5.7. Examples of hysteresis ioops of SPM and SD magnetite mixtures. 
Figure 5.9 (a) shows the variation of MT /MS with increasing SPM content in the 
SPM/SD magnetite mixtures. A linear decrease in MT /MS with increasing SPM is 
observed. Similar M5 values for the SPM and SD magnetite hysteresis loops result in 
the observed linear trends. SPM grains of SOA in size have a lower M5 than that of 
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Figure 5.8. An example of the SPM/SD magnetite mixing results obtained by Pick & 
Tauxe (1994). The hysteresis ioop shown by the dotted line (central loop) respresents 
the SD magnetite hysteresis loop and the solid line (tall, wasp-waisted loop) represents 
the SPM/SD mixture. 
the same mass of iooA or 300A grains, hence the slight difference in the variation of 
Mr/Ms verses SPM content for the three sizes of SPM grains investigated. 
Figure 5.9 (b) shows the variation of coercivity with SPM content. There is a clear 
difference in the variation of coercivity for the three SPM grain sizes. The curves ob-
tained for the 300A and iooA grain sizes exhibit concave-shaped curves which are sirnliar 
to the curve obtained by Bean (1955) for SPM/SD magnetite mixtures (Figure 5.5). The 
50A curve shows a convex-shaped curve. The 50A curve is similar to those obtained in 
this study (Figure 5.4) and by Bean (1955) (Figure 5.5) for mixtures of MD and SD mag-
netite grains. The parameter responsible for the differences in the three curves shown 
in Figure 5.9 (b) is the steepness of the SPM hysteresis loops in low fields. This can 
be highlighted if we consider three hysteresis loops of mixtures of SPM/SD magnetite, 
each having the same mass of SD magnetite and the same coercivity, but different SPM 
diameters. The coercivity for these calculations was selected to be 17.7mT i.e. half of 
the coercivity of pure SD magnetite. The results (Figure 5.10) showed that a mass, 
relative to that of the SD magnetite, of 0.20 of the 300A grain size was required to 
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Figure 5.9. Mixing hysteresis ioops of SPM and SD magnetite. (a) Variation of MT /MS  
with increasing SPM content. (b) Variation of (B 0). (c) Variation of the W-ratio. The 
SPM grain sizes are given in Angstroms. 
produce a mixture with a coercivity of 17.7mT. In comparison a relative mass of 0.33 
of the iOOA grain size or 2.01 of the 50A grain size was required to produce the same 
coercivity. The hysteresis loops of the relative masses of only the SPM components of 
the three mixtures are plotted in Figure 5.10. We can clearly see that the steepness 
in low fields of the three SPM hysteresis ioops are identical. Comparing Figure 5.10 
with Figure 5.2 (a) we can see that for similar masses different SPM hysteresis loops 
have varying degrees of low field steepnesses, however different masses, indicated by the 
height of the hysteresis ioops, of the different grain sizes can have similar low field 
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steepnesses. Overall we find that adding a smaller amount of larger SPM grains can 
have the same effect on the coercivity as adding a larger amount of smaller SPM grains. 
The MT /MS values of the three hysteresis loops of the SPM/SD magnetite mixtures are 
however different. In the calculations Mr/Ms values for the mixtures of 0.27, 0.24 and 
0.11 were found for the 300A, iooA and 50A SPM grain sizes respectively. 
Finally the variation of the W-ratio with SPM content is plotted in Figure 5.9 (c). 
We again see a different trend for each of the three grain sizes. Grain sizes larger than 
150A show curves characteristic of the 300A SPM grains. The large grains exhibit 
wasp-waisted hysteresis loops from SPM contents of - 20% upto 85%. The curve 
peaks at 70%. Grains between 150A and 70A show curves characteristic of the 
iooA SPM grains. The hystersis loops exhibit a higher degree of wasp-waistedness with 
a higher SPM content. Finally grains less than 70A show curves characteristic of the 
50A SPM grains. Wasp-waisted hysteresis loops are not observed for mixtures of small 
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Figure 5.10. Three examples of SPM hysteresis ioops of different masses and dif-
ferent grain sizes showing identical low field steepnesses. The grain sizes are given in 
Angstroms. 
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5.3.3 Magnetite and Haematite 
A second set of mixing calculations was carried out using hysteresis ioop data of mag-
netite and haematite. The two hysteresis loops used are shown in Figure 5.11. Haematite 
has a much smaller saturation magnetitsation than magnetite, 0.5 Am 2 kg 1 compared 
to 92 Am 2 kg'. The coercivity of the magnetite hysteresis loop is 35.4mT, which is 
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Figure 5.11. Hysteresis loops of magnetite and haematite used in the mixing calcula-
tions. 
The results of the magnetite and haematite mixing calculations are shown in Fig-
ures 5.12 and 5.13. Figure 5.12 shows four examples of hysteresis loops of mixtures 
of magnetite and haematite. In Figure 5.12 (a) despite the mixture containing 95% 
haematite, the only obvious indication of its presence is the slight opening of the hys-
teresis loop in medium fields. The SD magnetite hysteresis ioop shown in Figure 5.11 (a) 
closes in a field of '-' 270mT whereas the mixture of 95% haematite and 5% magnetite 
does not close until "-i 500mT. Figures 5.12 (b) and (c) clearly show the wasp-waisted 
nature of adding a high stability mineral, e.g. haematite, to a low stability mineral, e.g. 
magnetite. Also in Figure 5.12 (d) we can see that a magnetite component of only 0.1% 
can reduce the coercivityof pure haematite from 240mT to 177mT. 
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(a) 5% magnetite + 95% haematite 
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Figure 5.12. Examples of hysteresis loops of magnetite and haematite mixtures. 
Figure 5.13 summarises the changes in the three magnetic parameters, Mr/Ms , 
(B0 ) and the W-ratio, for the magnetite/haematite mixtures. The variation of Mr/Ms 
with haematite content, shown in Figure 5.13 (a), is not linear. It is not until there 
is a haematite content of greater than 80% that any change is observed in the Mr/Ms 
values. The non-linearity of the curve in Figure 5.13 (a) is due to the difference in the 
M5 values of magnetite and haematite. Magnetite, having a significantly higher value 
of M5 compared to haematite, is the dominant magnetic mineral in the mixtures. 
Figure 5.13 (b) shows the variation of coercivity with haematite content. A haematite 
content of greater than 95% is required before any significant change in the coercivity 
of the mixtures is observed. There is an increase in coercivity of almost 200mT between 
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a mixture of 1% magnetite/99% haematite and a pure (100%) haematite hysteresis 
loop. Again the non-linearity of the variation of coercivity is due to magnetite being 
magnetically the dominant mineral in the mixtures. 
Finally Figure 5.13 (c) shows the variation of the W-ratio with haematite content. 
There is a very limited range over which the W-ratio is greater than 1. Only mixtures 
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Figure 5.13. Mixing magnetite and haematite. (a). Variation of Mi/MS with increasing 
haematite content. (b) Variation of (B 0). (c) Variation of the W-ratio. 
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5.3.4 Magnetite and Pyrrhotite 
A third set of mixing calculations was carried out using magnetite and pyrrhotite hys-
teresis loop data. MD hysteresis ioops of the two minerals were selected for the mixing 
calculations. The hysteresis loops used are shown in Figure 5.14. Despite both hys-
teresis loops having low MI./MS and (B 0 ) values, clear differences can be seen in the 
shape of the hysteresis loops. The pyrrhotite hysteresis ioop is steeper in low fields com-
pared to the magnetite hysteresis loop. Also the two loops have different approaches 
to saturation. The pyrrhotite hysteresis loop has a very curved approach to saturation, 
whereas the magnetite hysteresis loop exhibits a "knee" shaped approach. 
(a) MD magnetite 	 (b) MD pyrrhotite 
Figure 5.14. Magnetite and pyrrhotite hysteresis loops used in the mixing calculations. 
The effect of mixing magnetite and pyrrhotite hysteresis loop data can be seen clearly 
in the shape of the hysteresis loops of the mixtures. Four examples of hysteresis loops 
of magnetite and pyrrhotite mixtures are shown in Figure 5.15. From Figure 5.15 (a) to 
(d) there is an increase in the pyrrhotite content. Comparing the four hysteresis loops 
we can see that as the pyrrhotite content is increased, (i) the low field steepness of the 
hysteresis loops increases, (ii) the approach to saturation becomes more curved rather 
than "knee" shaped, and (iii) M5 decreases. 
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Figure 5.15. Examples of hysteresis ioops of magnetite and pyrrhotite mixtures. 
Figure 5.16 summarises the results of the magnetite and pyrrhotite mixing calcula-
tions. The variations of Mr /MS , (B 0 ) and the W-ratio for the magnetite and pyrrhotite 
mixtures are shown in Figure 5.16. Despite the similarity in the values of Mr /Ms , (B 0 ) 
and the W-ratio for the pure magnetite and pure pyrrhotite hysteresis loops, the graphs 
show that magnetite dominates the magnetitc properties of the mixtures. Magnetite 
is the dominant mineral due to its high saturation magnetisation, which is almost five 
times greater than that of pyrrhotite. The W-ratio does not exceed one indicating that 
no wasp-waisted shaped hysteresis loops were found for these magnetite and pyrrhotite 
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Figure 5.16. Mixing MD magnetite and MD pyrrhotite hysteresis ioop data. (a) 
Variation of Mr/Ms with increasing pyrrhotite content. (b) Variation of (B 0). (c) 
Variation of the W-ratio. 
mixtures. This is not surprising considering that two closed MD hysteresis loops were 
used in the calculations. On the otherhand wasp-waisted hysteresis ioops would be 
expected to result from magnetite and pyrrhotite mixing calculations of different grain 




-500 	0 	500 	1000 
Field (mT) 









Chapter 5. Quantitative Hysteresis Loop Mixing and Unmixing 	 96 
5.3.5 Magnetite and Greigite 
The fourth set of mixing calculations was carried out using magnetite and greigite 
hysteresis ioop data. SD hysteresis ioops of both minerals were selected and are shown 
in Figure 5.17. SD greigite has a Mr/MS value of 0.61, which is almost double that 
of SD magnetite (0.32). SD greigite also has a higher coercivity, 52.8mT, compared to 
35.4mT for SD magnetite. 
(a) SD magnetite 	 (b) SD greigite 
Figure 5.17. Hysteresis loops of magnetite and greigite used in the mixing calculations. 
The results of the mixing calculations are shown in Figures 5.18 and 5.19. Fig-
ure 5.18 shows four examples of hysteresis loops of mixtures of magnetite and greigite. 
The clearest visual indication of the changing mineralogy is the increasing Mr/MS ratios 
with increasing greigite content. 
The magnetite and greigite mixing calculations are summarised in Figure 5.19. The 
curved trends of Mr/MS and (B 0 ) with greigite content once again shows magnetite to 
be the dominant mineral in the mixtures. Magnetite is the dominant magnetic mineral 
due to its saturation magnetisation being approximately five times that of greigite. 
The Mr/Ms and (B 0 ) trends for the magnetite/greigite mixtures are very similar to 
the trends observed for the magnetite/pyrrhotite mixtures shown in Figures 5.16 (a) 
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and (b). The variation of the W-ratio for the magnetite/greigite mixtures is shown in 
Figure 5.19 (c). There is a very restricted range of values of the W-ratio between 0.48 
and 0.58. The values indicate that despite the differences between the two hysteresis 
loops, mixtures of SD magnetite and SD greigite do not exhibit wasp-waisted hysteresis 
loops for any combination of SD magnetite and greigite. The variation of the W-ratio 
with greigite content, as shown in Figure 5.19 (c) is not smooth. This is attributed to 
small defects in the smoothness of the hysteresis loop measurements obtained with the 
Edinburgh VSM. 
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Figure 5.19. Mixing magnetite and greigite hysteresis loop data. (a) Variation of 
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5.3.6 Magnetite and Paramagnetism 
The final set of mixing calculations was carried out using SD magnetite and param-
agnetic hysteresis ioop data. The two hysteresis loops used in the mixing calculations 
are shown in Figure 5.20. Paramagnetism does not exhibit hysteresis therefore the hys-
teresis loop is a straight line with a positive gradient. (B 0 ) and M are both zero for 
all paramagnets. The magnetisation of the paramagnetic component in a field of iT, 
0.4Am 2kg', is significantly less than that of magnetite, 92Am 2 kg 1 . 
(a) Sd magnetite 	 (b) paramagnetism 
Figure 5.20. Hysteresis loops of the magnetite and paramagnetic components used in 
the mixing calculations. 
The results of the mixing calculations are shown in Figures 5.21 and 5.22. Four 
examples of hysteresis loops of magnetite and paramagnetic mixtures are shown in 
Figure 5.21. The most significant change with increasing paramagnetic content is the 
decrease in M3 . In Figure 5.21 (a) an addition of 50% paramagnetism has reduced the 
magnetisation in a field of iT from 92 Am 2 kg' for pure magnetite to 46.2 Am 2 kg 1 . 
For a mixture of 10% magnetite and 90% pthamagnetism (Figure 5.21 (b)) the mag-
netisation in iT has been reduced even further to 9.6 Am 2 kg 1 . Figures 5.21 (c) and 
(d) are characteristic of the hysteresis ioops of natural samples. They show how only 
a low percentage (< 0.1%) of magnetite is required for it to be observable in hysteresis 
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loops. 
In contrast a very high percentage of paramagnetism (> 95%) is required to alter 
the values of Mr /MS, (B 0), and the W-ratio as shown in Figure 5.22. These results 
are similar to those of the magnetite and haematite mixtures shown in Figure 5.13. 
The similarities are due to the very low M5 values of the haematite and paramagnetic 
components in comparison to the magnetite component. The W-ratio is seen to respond 
at lower paramagnetic concentrations than (B 0 ) or Mr /MS . 
(a) 50% magnetite + 50% para. 
40— Mr/Ms = 0.32 
(Bo)c = 35.3mT 
20— W-mtio = 0.58 
C 
2 0 




-1000 	-500 	0 	500 
Field (mT) 
(c) 1% magnetite + 99% para. 
2- 
Mr/Ms = 0.22 
(Bo)c = 33.9mT 
- W-ratio= 0.14 
.2 Oi 
:J I C a ' -1- 
I 	I 
-1000 	-500 0 	500 	1000 
Field (ml)  
(b) 10% magnetite + 90% para. 
10— 	 1 
- 	(Bo)c = 35.2mT 







0.4— Mr/MS = 0.06 









-1000 	-500 	0 	500 	1000 
Field (ml) 
1 	I 
000 	-1000 	-500 	0 500 	1000 
Field (mT) 
(d) 0.1% magnetite + 99.9% para. 
Figure 5.21. Examples of hysteresis loops of magnetite and paramagnetic mixtures. 









0 	20 	40 	60 	80 	100 
Paramagnetic % 




0 	20 	40 	60 	80 	100 
Paramagnetic % 
Figure 5.22. Mixing magnetite and paramagnetic hysteresis ioop data. (a) Variation of 
Mr/MS with increasing paramagnetic component. (b) Variation of (B 0). (c) Variation 
of the W-ratio. 
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5.3.7 Summary of Mixing Calculations 
Good agreement was found between the mixing calculations performed here and the 
work of Bean (1955) and Pick & Tauxe (1994). In summary the mixing calculations 
have shown 
. The minerals that are dominant in certain mixtures (i.e. magnetite is dominant in 
magnetite/ haematite, magnetite/ pyrrhotite, magnetite/ greigite and magnetite/ 
paramagnetic mixtures). 
• The range of combinations of different mineralogies/domain states for which wasp-
waisted hysteresis loops are found (i.e. wa.sp-waisted loops are found for (i) mag-
netite and haematite mixtures which have haematite contents greater than 95% 
and (ii) for a wide range of SD magnetite components mixed with SPM grains 
greater than 70A in size). 
• Key features in the shapes of the hysteresis ioops can indicate the relative con-
centration of different minerals (e.g. in MD magnetite/MD pyrrhotite mixtures a 
higher percentage of pyrrhotite is indicated by a more curved approach to satura-
tion). 
• The steepness of the hysteresis loops in low fields is important. (The steepness 
can be used to determine mineralogy, e.g. pyrrhotite has much steeper hysteresis 
loops than magnetite. The steepness can also give an indication of whether or 
not wasp-waisted hysteresis loops are likely to result from particular mixtures 
e.g. mixtures of SD magnetite and low coercivity, low steepness hysteresis loops 
(e.g. MD magnetite and SPM grains less than 70A in size) did not result in 
wa.sp-waisted hysteresis loops for any mass ratios. However some mixtures of 
SD magnetite and minerals with steep initial slopes (SPM grains greater than 
70A in size) do exhibit wasp-waisted hysteresis loops.) 
• Many magnetic parameters are highly non-linear with magnetic concentration. 
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. SD and MD magnetite mixtures can be distinguished from PSD magnetite assem-
blages. 
5.4 Unmixing calculations 
Natural samples are made up from many components. It is important not only to 
identify the different components, but also to quantify them. The unmixing procedure 
described here is a general approach and could be easily adapted to apply to a wide 
range of data types or magnetic parameters. The unmixing procedure will however be 
described here solely in terms of hysteresis loop data. 
We want to "unmix" a measured hysteresis loop in terms of different end-members 
i.e. we want to find out how much of each end-member is present in the sample. We 




where a is the magnetisation corresponding to the field value x. There are m field 
values. We want to unmix the measured hysteresis loop in terms of end-members. We 
can calculate a model hysteresis loop by adding together different ratios of the hysteresis 
loops of the end-members. We can represent the model hysteresis loop by Equation 5.2 
b(x) = 
	
rc(x) i = 1, m 	 (5.2) 
where b is the magnetisation of the model hysteresis ioop corresponding to a partic-
ular field value x, of which there are m values. c3 represents the magnetisations of the 
n end-members. r3 represents the mass of the j1h  end-member. We want the difference 
between the measured hysteresis loop and the model hysteresis loop to be as small as 
possible i.e. we want to mimimize F(x) in Equation 5.3. 
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J(x) = 	
- b(x)} 2 	 (5.3) 
We are trying to minimise a least squares function. Various methods are available 
for carrying out the minimisation shown in Equation 5.3 depending on the nature of the 
problem. In the following sections two different mathematical approaches are described 
that will generate a model which minimises F(x). 
As an estimate of how good a fit the final modelled hysteresis loop is to the sample 
hysteresis loop, a correlation coefficient, R, is calculated. The R value is defined by 
Equation 5.4. Values of R = 1.0 indicate a perfect fit between the sample and model 
hysteresis loops. Values of R of less than 0.9990 indicate a poor fit between the sample 
and model hysteresis loops. 
R 
= 1 - '\>I=1 at(x)2) 	
(5.4) 
5.5 Unmixing in Terms of Different Magnetic Minerals 
The results of the mixing calculations in Section 5.3 indicate that the overall shape and 
height of hysteresis loops should make it possible to identify which minerals/domain 
states are present in natural samples and also to allow their concentrations to be calcu-
lated. In this first approach to hysteresis loop unmixing, the end-members are selected to 
be the hysteresis loops of different magnetic minerals and domain states. Eight extreme 
hysteresis loops, shown in Figure 5.23, were selected from the characterised natural 
samples of Chapter 2. Paramagnetic contributions were subtracted from all eight of the 
hysteresis loops. Additionally superparamagnetic and paramagnetic hysteresis loops 
were included as end-members. 
In this first approach different ratios of the end-members are added together to 
produce a model hysteresis loop. The only constraint that is imposed on the masses 
of the end-members is that they are positive. Thus we are dealing with a constrained 
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least squares ininirnisation which has more than one variable and does not have many 
discontinuities. The NAG Library subroutine E04FCF was selected for this application 
based on the size of the problem, its least squares nature and the lack of first derivatives. 
The subroutine is based on the method of Gill & Murray (1978). From a starting point 
s(1 ), supplied by the user, the routine generates a sequence of points x(2), , which 
through trial and error converge to a local minimum .F(x). The subroutine is a combined 
Gauss-Newton and modified Newton algorithm and is faster than more general search 
algorithms such as SIMPLEX. E04FCF imposes that m, the number of measurements 
is greater than n, the number of end-members. In all the examples which follow the 
maximum number of end-members is ten and the number of field values is 81, satisfying 
the condition of the subroutine. 
5.5.1 Testing the Unmixing Algorithm 
Using the mixing technique described in Section 5.3 hysteresis loops have been calculated 
which are now used to test the unmixing algorithm and to highlight any combinations 
of minerals/domain states which are likely to prove problematic in subsequent unmixing 
calculations based on the hysteresis ioop data of natural samples. The hysteresis loops 
presented in Section 5.3 were only mixtures of two components. Here mixtures made 
from two components or more are used to test the unmixing algorithm. 
1000 
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Figure 5.23. Hysteresis loops used as end-members in the unmixing algorithm. The 
eight hysteresis loops are based on the natural characterised samples of Chapter 2. 
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Figure 5.24. Simple example of unmixing. The original two component mixture was 
calculated using the mixing technique described in Section 5.3. The components of the 
mixture were 0.3kg of SD magnetite and 0.7kg of SD greigite. 
The hysteresis loop shown in Figure 5.24 was the result of theoretically adding 0.3kg 
of ml (SD magnetite, cf Figure 5.23) to 0.7kg of gi (SD greigite). Subsequent unmixing 
of the hysteresis loop data has produced the results shown in Figure 5.24. The results 
of the unmixing procedure are tabulated at the right hand side of the diagram. They 
are quoted as relative mass proportions, which in total sum to 1. They indicate that the 
sample has fractional components of 0.3 of ml and 0.7 of gi, as we expected. Notice that 
in this simple example the R value is 1.0000 demonstrating that a perfect minimisation 
and unmixing has been achieved. 
A second hysteresis loop modelled as a test of the unmixing technique is shown in 
Figure 5.25. The hysteresis loop is wasp-waisted. It was composed of 0.1kg of each of 
the eight ferrimagnetic end-members shown in Figure 5.23, and also 0.1kg of superpara-
magnetic grains of volume 1 x 10 23m3 and 0.1 kg of the paramagnetic component. The 
unmixing algorithm was run several times using this hysteresis loop data. Each time 
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Figure 5.25. Simple example of unmixing. The original mixture was calculated us-
ing the mixing technique described in Section 5.3. The components of the mixture 
were 0.1kg of each of the eight ferrimagnetic end-members and 0.1kg of each of the 
paramagnetic and SPM end-members. 
different starting values were used and each time it iterated to the same final solution 
as shown in Figure 5.25. As expected the results of the unmixing algorithm calculations 
are fractional components of 0.10 for each of the ten end-members and no diamagnetism. 
The R value is again 1.0000 showing perfect unniixing even for ten end-members. The 
algorithm was found to perform equally well for other (non-equal) combinations of the 
ten end-members. This unmixing in terms of the ten end-members indicates that the 
hysteresis loops of the end-members are sufficiently different to allow each one to be 
identified and estimated by the unmixing routine. This is a very pleasing result as it is 
not obvious from visual inspection of the hysteresis loop of Figure 5.25 that so many 
end-members could be detected. 
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5.5.2 Examples of Unmixing Natural Samples 
Natural samples are not strictly composed of combinations of just the ten end-members 
used in the unrnixing technique. However it is hoped that the magnetic properties of 
the components of natural samples are sufficiently similar to the end-members and that 
the technique would allow the identification and quantification of components in natural 
samples. It was however found that when unmixing natural samples the algorithm was 
more efficient with a restricted number of end-members. The unmixing algorithm was 
thus developed to operate with restricted combinations of end-members. The choices 
are (i) all four magnetic minerals (ten end-members), (ii) three different domain states 
of magnetite (four end-members), (iii) magnetite plus haematite (six end-members), 
(iv) magnetite plus pyrrhotite (six end-members) and (v) magnetite plus greigite (six 
end-members). All five included para- and diamagnetism in addition to the magnetic 
iron oxides and iron sulphides. 
As an example of the output of the program Figure 5.26 shows the results of unmixing 
sample ca47 in terms of choice (ii), i.e. SPM, SD and MD magnetite. Sample ca47 is 
a soil from an archaeological site on Papa Westray, Orkney. The unmixing results are 
expressed as the relative proportion a particular end-member contributes to the mass 
of the sample. The unmixing results show a high proportion of SPM grains, a smaller 
proportion of SD grains and no MD grains for ca47. The results are consistent with the 
overall shape of the hysteresis loop. The hysteresis ioop is steep in low fields causing the 
presence of a high modelled SPM content. The coercivity of the hysteresis loop, being 
greater than zero, causes the presence of SD grains in the model. There is also a small 
gradient in high fields, which causes the paramagnetic component. Further results of 
unmixing archaeological samples in terms of the different domain states of magnetite 
will be presented in Chapter 7. 
Two further examples of the program in operation, shown in Figures 5.27 and 5.28, 
are of natural samples unmixed in terms of magnetite and haematite components. The 
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Figure 5.26. Unmixing a natural sample in terms of the different domain states of 
magnetite. The table to the right of the diagram gives the fractional contribution of each 
magnetic component and the modelled volume (in x 10 23m3 ) of the SPM component. 
samples, cj32 and cj46, are soil samples from the Jackmoor Brook catchment in south-
west England. Sample cj32 was successfully unmixed, with an R-value of 0.9997. Taking 
into account the large difference in the M8 values of magnetite and haematite, it is not 
surprising that the results show a high haematite content compared to magnetite. The 
haematite component is required in the model to open out the hysteresis ioop in medium 
fields, whereas the magnetite component restricts the coercivity. The high paramagnetic 
component calculated by the unmixing algorithm reflects the steep high field slope of 
the hysteresis loop. 
In the next example of unmixing in terms of magnetite and haematite (Figure 5.28), 
the low B. value of 0.9972 indicates a poor fit between the measured and modelled 
hysteresis loops. In particular the model ioop does not fit the sample loop in medium 
fields. The discrepency between the two loops is mainly attributed to the haematite end-
member hysteresis loops. It is now felt that not enough hysteresis ioops were measured 
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Figure 5.27. Unrnixing a natural sample in terms of magnetite and haematite. 
for pure haematite samples, so unfortunately the selected end-members may not be 
totally characteristic of the range of possible natural hysteresis loops of haematite. 
The fourth example is of the unrnixing model for a sample from the KTB pilot 
borehole in Germany which used magnetite and pyrrhotite components. The relatively 
low ft-value of 0.9984 indicates a poor fit between the modelled and measured hysteresis 
loops. Although the fit of the model loop to the data at first sight looks quite respectable, 
if we examine Figure 5.29 closely, we can see that the model loop should be steeper in low 
fields. It would seem that the algorithm needs to add more pyrrhotite to the solution. 
This example highlights the well known problem associated with optimisation routines, 
that a local minimum, not the global minimum, was located. The only known method 
of tackling this problem is to run the optimisation from different starting positions and 
check that the same minimum is found. 
The final example is unmixing a North Sea sediment, sample ns2, in terms of mag- 
netite and greigite components. A very high ft-value of 0.99996 was obtained for sample 
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ns2. The sample hysteresis loop is steep in low fields and the Mr/Ms1 ratio is high, 
both of these factors indicate a high greigite component, which is correctly calculated 
by the algorithm (Figure 5.30). 
Unmixing sample cj46 
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Figure 5.28. Unrnixing a natural sample in terms of magnetite and haematite. * The 
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Figure 5.29. Unmixing a natural sample in terms of magnetite and pyrrhotite. * The 
calculated SPM volume is greater than the 300 A limit of magnetite. 
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Figure 5.30. Unmixing a natural sample in terms of magnetite and greigite. 
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5.6 Unmixing in Terms of Different Natural Sources 
Instead of unmixing in terms of different magnetic minerals, an alternative approach 
is to unmix the magnetic properties of sediments in terms of their possible natural 
source materials. Again hysteresis ioop data forms the basis of the unmixing technique. 
In the development of the source unmixing technique it is assumed/required that all 
possible sediment sources are identified and measured. It is also assumed that there 
is no alteration, i.e. chemical or size, of the magnetic particles as they are eroded and 
deposited. Unsatisfactory results could indicate the failure to identify all possible sources 
or that alteration of the magnetic particles has taken place. 
Hysteresis loops of all possible local sources are used as end-members. As long as 
there is a significant difference between the hysteresis ioops of the different sources their 
precise mineralogy does not matter. Since it is assumed that all possible sources have 
been identified, the masses of each source are constrained to sum to the mass of the 
sediment being unmixed. Thus we impose a linear constraint on the unmixing problem. 
Overall we are dealing with a linearly constrained regression, which can be performed 
by the NAG Library subroutine E04NCF. E04NCF has previously been described and 
successfully used to unrnix magnetic and radioactivity data by Shankar et al. (1994). 
Unlike, subroutine E04FCF, which is used for unrnixing in terms of the magnetic miner-
als, for E04NCF the number of end-members is not limited to be less than the number 
of measurements. Thus all available hysteresis ioops of any particular source can be 
included in the unmixing calculations if desired. 
5.7 Summary of Unmixing Techniques 
Two types of end-members can be used for uninixing. First hysteresis ioops of natural 
samples can be unmixed in terms of hysteresis loops of different magnetic ininerais and 
different domain states. Limiting the number of potential end-members is found to be 
particularly helpful in this type of unmixing calculation. Additional measurements on 
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pure haematite would in retrospect have been useful to fully characterise haematite hys-
teresis loops and provide additional end-member loops. Occa.ssionally natural samples 
do not unmix particularly well (e.g. Figure 5.29). The main reason for these lapses 
in the success of the procedure have still to be fully identified. However once again 
it is felt that the addition of extra end-members e.g. PSD pyrrhotite could solve such 
problems. The second type of end-members of use in unmixing studies are hysteresis 
loops of sources. A linearly constrained regression approach was found to work in test 





Mineral magnetic measurements have previously been used to assess erosion within 
catchments. For example (i) river based studies have been carried out on Rhode River, 
Maryland, U.S.A. (Oldfield et al. 1985, Yu & Oldfleld 1989) and Jackmoor Brook, S.W. 
England (Oldfield et al. 1979, Waffing et al. 1979), (ii) lake studies have been carried 
out on Dayat-er-Roumi, Morocco (Flower et al. 1984), Seeswood Pool, Warwickshire 
(Dearing et al. 1986) and Lake Bussjö, Southern Sweden (Dearing et al. 1990) and 
(iii) reservoir studies have been carried out on Trentabank Reservoir in the Southern 
Pennines (Stott 1986) and a reservoir near Nijar, S.E. Spain (Yu & OldfIeld 1993). All 
of these referenced catchment studies were based on measurements of susceptibility and 
rernanent magnetisations. 
The techniques of unrnixing hysteresis loops in terms of either magnetic minerads 
or possible sources, described in Chapter 5, can be applied to lake or river catchments 
in order to investigate erosion patterns. Measurements are required for both sediments 
and possible sources, namely the different soils within the particular catchment, or 
windblown particles. The success of the magnetic technique for assessing erosion within 
a catchment is dependent on differences being observed in the magnetic properties of 
116 
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the various sources. 
In this chapter two catchment studies are described. The first is a river catchment, 
Jackmoor Brook and the second is a lake catchment, that of Lake Bussjö. Both sites 
have been the subject of earlier magnetic studies. For both catchments in this new 
study a range of possible sources have been measured in addition to the sediments. 
The main magnetic measurements carried out here are hysteresis ioop measurements. 
Individual soil and sediment samples from both sites have been unmixed using the 
mineral modeffing technique of Section 5.5. Additionally the source modelling technique 
of Section 5.6 is used to unmix the sediments/suspended sediments in terms of their 
possible sources. Thus an indication of the erosion occuring within the two catchments 
has been obtained. 
6.2 Jackmoor Brook 
6.2.1 Site and Samples 
Jackmoor Brook is a small river catchment north of Exeter in south-west England. The 
catchment is shown in Figure 6.1 A full description of the site is given by Oldfield et 
al. (1979). Briefly, it covers an area of 9.3km 2 ranging from an altitude of 235m on the 
Raddon Hills at the extreme north of the catchment down to 21.5m at the catchment 
outlet. Well-drained soils are found in the upper and lower regions of the catchment 
area, with a band of gleyed soils covering the central region. The land use is mainly 
mixed arable farming. Less than 4% of the catchment is covered with mixed deciduous 
woodland (Oldfield et al. 1979). 
Initially in November 1992 soil samples were collected from 12 sites in the Jackmoor 
Brook catchment. The soils included examples of cultivated fields, pasture fields, wood-
land, eroding banks and bedrock. At four of the sites samples were collected at more 
than one depth. From the 12 sites a total of 17 samples were collected for analysis. A 
list of the sites and short descriptions are given in Table 6.1. A further 6 woodland 
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Figure 6.1. Map of Jackmoor Brook catchment, from Oldfield et al. (1979). 
samples were collected in July 1993 from the main area of woodland in which site 5 was 
located during a second visit to the catchment. 
Additionally six suspended sediments were provided by the Department of Geogra-
phy, University of Exeter. The suspended sediment samples are listed along with the 
date and time at which they were collected in Table 6.2. 
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Table 6.1. List and description of soil samples 
Site Sample Description 
1 1 cultivated field 
2 1 pasture field 
3 1 bedrock 
2 bedload 
3 topsoil from above bedrock 
4 1 eroding bank 
5 1 woodland depth 25cm 
2 woodland topsoil 
6 1 eroding bank in woodland 
7 1 cultivated field 
8 1 cultivated field 
9 1 pasture field 
2 eroding bank 
10 1 cultivated field 
11 1 bedload (downstream from bridge) 
2 bedload (upstream from bridge) 
12 1 cultivated field 
Table 6.2. Suspended Sediments. 
Suspended Sediment Date and Time 
cjl 11.10.88 (20.40) 
cj2 24.2.89 (8.20) 
cj3 25.2.89 (14.10) 
cj4 8.11.89 (10.05) 
cj5 29.01.90 (17.40) 
cj6 11.02.90 (14.15) 
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6.2.2 Susceptibility and Remanence Measurements 
Initially X, ARM and IRM acquisition measurements were carried out on the bulk soils 
and sediments. The initial measurements are directly comparable to those previously 
obtained by Oldfield et al. (1979) and Waffing et al. (1979). Table 6.3 summarises the 
susceptibility data from the present study and the previous two publications. There 
is very good agreement between the three studies for the susceptibility values of the 
poorly drained and gleyed soils, the parent material and subsoil, and also the suspended 
sediments. With the exception of sample 7/1, there is good agreement for the cultivated 
topsoils. There is, however, a significant difference between the susceptibility values 
of the woodland soils. In the previous two studies the susceptibility values are high, 
> 21tmkg 1 . In comparison the susceptibility values of the woodland soils measured 
in this study are significantly lower. The average susceptibility of the eight woodland 
samples is 0.33tm3 kg 1 . There is no overlap between the measurements from the 
present study and those from the previous studies for the woodland soils. The strongest 
soil measured in the present study was a cultivated soil (sample 7/1) with a susceptibility 
of 2.71im3kg' 
Table 6.3. Susceptibility values from previously published work and the present study. 
x 	m _,akg  
Walling et al. Oldfield et al. Present Study 
(1979) (1979)  
woodland topsoil > 2.5 > 2.00 0.04 - 1.45 
cultivated topsoil 0.2 - 2.0 0.12 - 1.70 0.21 - 1.17 
(ploughed and pasture) 
sample 7/1 - - 2.71 
poorly drained and 0.06 - 0.4 0.05 - 0.30 0.1 
gleyed soils 
parent material <0.1 <0.1 0.03 - 0.07 
and subsoil 
suspended sediments 0.25 - 0.75 0.20 - 0.60 0.26 - 0.53 
C 
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A further comparison between the three studies is shown in Figures 6.2 and 6.3. 
Figure 6.2 shows the IRM acquisition curves obtained in the present study for the sus-
pended sediments and a selection of the soils. The suspended sediments cluster close 
together in the centre of the diagram. Their IRM acquisition curves indicate the pres-
ence of both high coercivity and low coercivity components, namely haematite and 
magnetite. The subsoils are magnetically the hardest samples indicating a high pro-
portion of haematite. The topsoils are magnetically softer, exhibiting IRM acquisition 
curves typical of magnetite/haematite mixtures and possibly in the case of the most ex-
treme curve, magnetite alone. No distinction can be made between the different types 
of topsoil i.e. the woodland soils exhibit similar IRM acquisition curves to the cultivated 
soils. Figure 6.3 shows the DC demagnetisation of SIRM curves measured in the 1979 
studies. Again we see that the subsoils are magnetically hard and that the suspended 
sediments contain two magnetic components. In Figure 6.3 a difference between the 
woodland soils and the cultivated soils can be observed. The woodland soils are mag-
netically the softest, typical of magnetite, whereas the cultivated soils are similar to the 
suspended sediments, i.e. they contain two magnetic components. 
Overall some similarities, but also some differences have been found in the x and 
remanence measurements between the present study and those carried out by Oldfield et 
al. (1979) and Walling et al. (1979). Despite the differences we still see a clear distinction 
between the magnetic properties of the topsoils and the subsoils in the present study. 
Thus the site can be used to unmix the suspended sediments in terms of their possible 
sources using the source unmixing technique described in Section 5.6. The results of 
the source unmixing work are presented in Section 6.2.5. 
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Figure 6.3. DC demagnetisation of SIRM results obtained by Oldfield et al. (1979). 
This summary graph is from Thompson & Oldfield (1986). 
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6.2.3 Source Sample Hysteresis Loops 
The suspended sediments are fine grained. The soil samples in contrast have a much 
wider grain size range. The bulk magnetic properties of the soil samples may not be 
very characteristic of the fine particles which contribute to the suspended sediments. 
Hence before the hysteresis loops were measured the soil samples were split into different 
particle size fractions. A procedure for splitting the soil samples using a combination 
of sieving and centrifuging was devised and is described in Appendix B. The procedure 
splits the samples into six fractions. Only the fine size fractions, < 2mm, were used in 
the hysteresis loops measurements. 
Hysteresis loops were measured on the five particle size fractions for each soil sample 
and also for the six suspended sediments. In total 119 hysteresis loops were measured. 
Figures 6.4 and 6.5 show the hysteresis loops of a typical topsoil and a subsoil. Sample 
1/1, shown in Figure 6.4, is topsoil from a cultivated field. All five particle size fractions 
have low coercivity hysteresis loops, typical of magnetite. They are all, however, open 
at the "knee" of the hysteresis loop and also in higher fields indicating a haematite 
component. The bar chart in Figure 6.4 shows the variation of M3 with increasing 
particle size. M3  decreases with increasing particle size for the finest four particle size 
fractions and then increases again in the 500 - 20001im particle size fraction. Such 
decreasing and then increasing values of M3 with increasing particle size were found for 
all the topsoil and eroding bank sediments studied from the Jackmoor Brook catchment. 
Figure 6.5 shows the five hysteresis loops measured on the five particle size fractions 
of sample 3/1, a typical subsoil. In contrast to the topsoil hysteresis loops, the subsoil 
hysteresis ioops have high coercivities indicating large haematite components. The 
hysteresis loops of the three smallest particle size fractions are wasp-waisted indicating 
a small magnetite component. M decreases with increasing particle size for both subsoil 
samples. 
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Figure 6.4. Hysteresis loops of the five particle size fractions of cultivated soil sample 
1/1. The particle sizes are given in 1am. The bar chart shows the variation of M3 with 
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Figure 6.5. Hysteresis loops of the five particle size fractions of subsoil 3/1. The 
particle sizes are given in im.The bar chart shows the variation of M3 with increasing 
particle size. 
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6.2.4 Unmixing in terms of Magnetic Minerals 
All 119 hysteresis ioops of the suspended sediments and the soils have been unmixed 
in terms of magnetite, haematite and paramagnetic components using the technique 
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Figure 6.6. Results of unmixing suspended sediment, cjl, in terms of magnetite and 
haematite. 
The results of unmixing suspended sediment cjl in terms of magnetite, haematite 
and paramagnetic components are shown in Figure 6.6. The wasp-waisted shape of 
the hysteresis loop indicates both magnetite and haematite components. The unmixing 
calculations indicate that the mass of haematite in the sample is 60 times that of the 
magnetite mass. 
The second unmixing example shown in Figure 6.7 is cj66, which is a soil from a 
pasture field. The particle size of cj66 is 2— 10pm. The hysteresis loop is very similar in 
shape to the previous example of cj 1 (Figure 6.6). However the magnetite component 
is not as obvious in cj66 compared to cjl. Cj66 has a higher coercivity and the loop 
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is less steep in low fields. These observations are reflected in the results from the 
unmixing algorithm. The magnetite component has one hundredth of the abundance of 
the haematite component. 
Figure 6.8 shows the results of unmixing subsoil sample cj56 in terms of the mag-
netite and haematite components. The hysteresis ioop is dominated magnetically by 
haematite. Haematite contributes 2.5 times that of magnetite to the magnetisation. 
The magnetite, and to some extent the paramagnetic component, both help to reduce 
the coercivity from 200mT for pure haematite to 47.3mT for cj56. It is obvious from 
Figure 6.8 that the model hysteresis loop is not a perfect fit to the sample hysteresis 
loop. There is a region in medium fields where the two loops do not match. The mis-
match between the two loops is attributed to the haematite end-members used in the 
unmixing algorithm (cf Section 5.5.2). 
The final example of unmixing the Jackmoor Brook soils in terms of constituent 
minerals is shown in Figure 6.9. Cj144 is the 2— 10jim grain size fraction of a woodland 
soil. The highest R-value was obtained for cj 144 when it was unmixed in terms of 
magnetite only. It has no haematite component. 
Figure 6.10 summarises the results of the unmixing calculations performed on all 
119 hysteresis loops of the suspended sediments and the soils. Here the magnetite 
component, as calculated by the unmixing algorithm, is plotted against the haematite 
component. The subsoil samples can be distinguished from the topsoil samples as the 
subsoils have a higher proportion of haematite. There is no distinction between the 
different types of topsoil. The eroding bank soils overlap both the topsoils and the 
subsoils. Notice how the six suspended sediments group closely together in the centre 
of the graph. 
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Figure 6.8. Results of unmixing subsoil sample, cj56, in terms of magnetite and 
haematite. 
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Figure 6.9. Results of unmixing woodland sample, cj144. A higher R value was 
obtained using only magnetite components, rather than magnetite and haematite. 
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Figure 6.10. Results of unrnixing 119 hysteresis ioops in terms of magnetite and 
haematite components. Envelopes have been drawn around the data from each group 
of samples. 
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6.2.5 Unmixing Suspended Sediments in terms of Sources 
The source unmixing technique described in Section 5.6 is now applied to the Jackmoor 
Brook catchment samples. The suspended sediments are fine grained so only the soil 
hysteresis loops for particle sizes < 63jtm are used as end-members in the unmixing 
procedure. 
In a first attempt at unmixing the suspended sediments all the hysteresis loops of 
the < 63jm particles of the cultivated, pasture, woodland, eroding bank and subsoil 
were used as end-members. Thus the six suspended sediments were unmixed in terms of 
63 potential end-members. As described in Section 5.6 the end-member contributions 
are constrained to total to 1. The masses of the individual end-members calculated by 
the unmixing algorithm were then summed to give the overall contribution from each of 
the five soil types (i.e. proportions of cultivated, pasture, woodland, eroding bank and 
subsoil were calculated). Although these five soil types were not differentiable in terms 
of magnetite and haematite proportions (cf Figure 6.10), it was hoped that they might 
be distinguishable from their complete hysteresis loops. 
The sample and model hysteresis loops for suspended sediment cj5 are shown in 
Figure 6.11. The dominant soil type was found to be the eroding bank soil, with a 
relative proportion of 0.40. The subsoil has the lowest component of only 0.11, and the 
other three topsoils all have similar components ranging from 0.15 to 0.18. 
The results of unmixing for all six suspended sediments are summarised in Fig-
ure 6.12. From the bar chart we see that cjl and cj4 have very high proportions of 
pasture soils, while cj3 is dominated by cultivated soils, and cj2, cj5 and cj6 are domi-
nated by the soil from the eroding banks. The proportion of subsoil calculated by the 
unmixing algorithm is fairly uniform for all six suspended sediments. An average subsoil 
content of 0.10 was calculated. However the unmixing results are rather inconsistent as 
different soil types are found to dominate the different suspended sediments. If we refer 
back to Figure 6.10 (the graph summarising the results of unmixing all the hysteresis 
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pasture = 0.16 
woodland = 0.18 
eroding bank = 0.40 
subsoil = 0.11 
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Figure 6.11. Results of unrnixing suspended sediment cj5 in terms of 63 soil hysteresis 
loop end-members, which have subsequently been grouped into five soil types. 
loops in terms of magnetite and haematite components), we see no distinction between 
the different types of topsoil (cultivated, pasture and woodland) nor between the erod-
ing bank soils and the topsoils and the subsoils. And so, perhaps not unexpectedly the 
source unmixing algorithm of the full hysteresis loops has been unable to distinguish 
between the five types. 
A second attempt at unmixing the suspended sediments in terms of the possible 
sources was carried out, with the omission of the eroding bank hysteresis loops. Hence 
57 soil hysteresis loop end-members were used. The masses found by the unmixing algo-
rithm for all the cultivated, pasture and woodland end-members were summed together 
to give an overall topsoil percentage. 
Two examples of the hysteresis loops and the unmixing of the suspended sediments 
are shown in Figures 6.13 and 6.14. In Figure 6.13 the unmixing algorithm has calcu- 
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Figure 6.12. Results of unmixing the six suspended sediments in terms of 63 soil 
hysteresis loop end-members. The 63 end-members have been grouped in terms of soil 
type; cultivated (15 end-members), pasture (9), woodland (27), eroding bank (6) and 
subsoil (6). 
the results of unrnixing suspended sediment cj6 where a topsoil component of 0.86 and 
a subsoil component of 0.14 are found. The contribution of the subsoil to suspended 
sediment cj6 is over double that for suspended sediment cj2. The unmixing results for 
all six suspended sediments are shown in Figure 6.15; an average subsoil component of 
0.12 was calculated. 
Finally in a third attempt the suspended sediment hysteresis ioops were unmixed 
in terms of a very reduced set of end-members. From Figure 6.10 just five extreme 
topsoil samples were selected, and these were used along with the six subsoil samples. 
So in total only 11 soil hysteresis ioop end-members were used. The results of unmixing 
suspended sediment cj4 in terms of only 11 end-members is shown in Figure 6.16. The 
results are a topsoil component of 1.0 and no subsoil. The results of unmixing all six 
suspended sediments in terms of only 11 end-members are summarised in Figure 6.17. 
With the exception of cj6, the suspended sediments do not have a subsoil component. In 
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order to investigate the rather worrying differences between these three sets of unmixing 
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Figure 6.13. Results of unmixing suspended sediment cj2 in terms of 57 soil hysteresis 
ioops, which have been grouped into topsoils and subsoils. 
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Figure 6.14. Results of unmixing suspended sediment cj6 in terms of 57 soil hysteresis 
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Figure 6.16. Results of unmixing suspended sediment cj4 in terms of five topsoil 
hysteresis loops and six subsoil hysteresis ioops. 
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Figure 6.17. Results of unrnixing the six suspended sediments in terms of 11 soil 
end-members. 
6.2.6 Validity of Source Unmixing 
Laboratory mixing experiments were carried out in order to assess the vadidity of the 
hysteresis loop source unmixing technique in the Jackmoor Brook catchment. Mixtures 
of known percentages of topsoil and subsoil were made up in the laboratory. The hys-
teresis loops of the laboratory generated mixtures were then measured. These measured 
hysteresis loops were unmixed in terms of (i) the hysteresis ioops of the two selected 
topsoil and subsoil samples used for making the mixtures (N=2) and (ii) a range of top-
soil and subsoil hysteresis loops (N=33). An example of the results obtained is shown 
in Figure 6.18. The first graph shows the hysteresis loops of the selected topsoil and 
subsoil. These two samples were physically mixed in the ratio of 75% subsoil to 25% 
topsoil and the resulting measured hysteresis loop is shown in the second graph. The 
results of unmixing the new hysteresis ioop in terms of the two hysteresis loops shown 
in the first graph are 77% subsoil and 23% topsoil. There is an error of 2% between the 
original mixture and the unrnixing results. Unmixing the hysteresis loop of the mixture 
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in terms of 33 topsoil and subsoil hysteresis loop end-members, the algorithm calculated 
a subsoil percentage of 80 and a topsoil percentage of 20. There is a 5% error between 
the original mixture and the unmixing results. 
Laboratory Mixing 	 Least Squares Unmixing 
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Figure 6.18. Example of the results obtained for the mixing experiments used to check 
the validity of the source unmnixing technique. 
In all six laboratory mixing experiments were carried out. These included mixtures 
of topsoil and subsoil in similar ratios to those found from the unmixing results of the 
suspended sediments in Section 6.2.5. An average error of 2% was found when N=2, and 
an average error of 9% was found when N=33. Assuming that all end-members have 
been identified, these results suggest that unmixing of hysteresis loops can estimate 
topsoil/subsoil percentages to within better than 10%. 
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6.2.7 Discussion 
Unrnixing the 119 hysteresis loops in terms of magnetite and haematite has proven useful 
in showing the magnetic similarities and differences between the different soil types. 
The use of three different sets of end-members in unmixing the suspended sediments 
in terms of sources has highlighted the need for careful selection of end-members. In 
the first attempt 63 end-members were used to calculate the contributions from five 
different soil types. The results produced widely varying components for each of the 
three topsoil types and for the eroding bank soils. The pasture topsoil varied from 
0.13 for suspended sediment cj6 to 0.59 for suspended sediment cj4. The wide range of 
component proportions found by the unrnixing algorithm was probably an artifact of the 
overlapping magnetic properties of the different soil types. The component proportions 
of the five soil types are thus not at all reliable. In order to generate reliable results 
differences must be observed between the different source types. 
The second set of end-members used in attempt 2 overcame the problem of the 
similarities between the source types. The eroding bank soils were omitted from the un-
mixing calculations, and the cultivated, pasture and woodland components were added 
together to give an overall topsoil percentage. An average proportion of 0.12 subsoil 
was calculated for the six suspended sediments when they were unmixed in terms of 57 
end-members. These results are in good agreement with those carried out using fallout 
radionucide data for the Jackmoor Brook catchment (J. Woodward, pers. comm.). 
Finally a reduced set of extreme end-members were used in attempt 3. Six subsoil 
and five topsoil hysteresis loops were used to unruix the six suspended sediments. The 
unmixing algorithm calculated a topsoil component of 1 for five out of the six suspended 
sediments. Lower R-values resulted from using the reduced set of end-members indicat-
ing poorer fits between the sample and model hysteresis loop. Limiting the end-members 
to magnetically extreme hysteresis loops has, in the case of Jackmoor Brook, not given 
satisfactory results. 
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The three sets of unmixing results overall indicate that differences must be observed 
between the different types of sources. Also a sufficient number of end-members must be 
used which cover the entire range of magnetic propeties of the sources. Perhaps the best 
strategy then is to use as many of the hysteresis loops measured on catchment samples 
as possible in the unmixing calculations but to subdivide them into a small number of 
groups. In the case of Jackmoor Brook this strategy corresponds to attempt 2. 
The laboratory mixing experiments used to assess the validity of the source unmixing 
technique found an average error of 2% when the hysteresis loops of the mixtures were 
unmixed in terms of only the hysteresis loops of the topsoil and subsoil used in the 
mixtures. The error was increased to an average of 9% when the number of end-members 
was increased from two to 33. An error of 9% seems large considering the unmixing 
algorithm calculated an average subsoil component of 12% in the suspended sediments. 
However we must remember that the error of 9% is a combination of errors. There are 
experimental errors: weighing the sample and measuring the hysteresis loops using the 
VSM. There may be errors in the unmixing as a result of only a few subsoil hysteresis 
loops. Alternatively so many topsoils with similar hysteresis loops can lead to the 
problem of colinearity. The mass constraint imposed on the algorithm could be a very 
important source of the error. It may be restricting the algorithm from finding a better 
solution in which the proportions of the components might not add up exactly to 1. 
Overall there are several factors which contribute to the total error, which could probably 
be reduced. It is however believed that the source unmixing algorithm has provided 
reliable results, which indicate that the main source of erosion is topsoil. 
6.2.8 Summary of the Jackmoor Brook Study 
Unmixing of 119 hysteresis loops of soils and suspended sediments from the Jackmoor 
Brook catchment in terms of magnetite and haematite components has shown that the 
only clear distinction between the potential sources is between topsoil and subsoil. The 
results of unmixing the suspended sediments in terms of 57 topsoil and subsoil hysteresis 
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loops indicate an average subsoil component of 0.12. Laboratory mixing experiments 
used to check the validity of the source unmixing technique indicate that if all possible 
errors are taken into consideration, the source unmixing technique is valid and the likely 
errors are less than 10%. 
6.3 Lake Bussjö 
6.3.1 Site and Samples 
Lake Bussjö is a small lake situated in southern Skne, in the south of Sweden. Fig-
ure 6.19 shows the location of the lake. Lake Bussjö has a present day surface area of 
0.2ha and the catchment covers an area of 198ha. Due to changes in the drainage system 
the effective surface drainage area to the lake has been reduced to 24ha. Today water 
enters the lake from two pipes, from groundwater and by overland flow. The catchment 
is dominated by arable farming. Over 90% is cultivated land. The remainder is pasture 
(Dearing et al. 1990). 
Soil samples, 18 in total, were collected from seven sites within the lake catchment. 
The seven sites are marked on Figure 6.19. The depth of the samples ranged from 
the topmost 10cm down to 100cm. For the purposes of unmixing sediments in terms 
of the possible sources, the soil samples were split into five different particle sizes, 
500tm - 2mm, 63 - 500 jim, 10 - 631im, 2 - lOjim and <2jim. The samples were split 
using the newly developed technique described in Appendix B. 
17 lake sediments were provided by the Department of Quaternary Geology at the 
University of Lund, Sweden. 12 of the sediments were packed in 2cm cubic plastic sample 
boxes. These samples were already dried. Five additional samples were taken directly 
from cores stored in the cold room at Lund. It was possible to carry out particle size 
analysis on the five fresh sediment horizons. The particle size analysis results obtained 
using a laser granulometer are shown in Figure 6.20. The five sediments show similar 
particle size distributions, peaking just below 10jim. 
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Figure 6.19. Location of Lake Bussjö, from Dearing et al. (1990). 




    
I . Io• 	1 •10 	 110 
p,tIcio diamoiw (m) 
 
1•lG 	 r10 	 1 •1o • 
p.tio dImoto, (m) 
 
1 . lo• 	11O 	 11O 






I .10 • 	1 • 10' 	 1*10 	 iiO 	 110 	 1 , 10 
pa,ilcio diamaia (ni) 	 pa,ticio dian.oter (,n) 
Figure 6.20. Particle size analysis of five lake sediments. 
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6.3.2 Magnetic Measurements 
Initially IRM acquisition measurements were carried out on selected sediment and soil 
samples. The IRM acquisition curves are shown in Figure 6.21. On the basis of the 
IRM measurements the lake sediments can be classified into two groups. First the group 
incorporating sediments taken from depths between 285 and 565cm. These sediments 
have IRM acquisition curves which he within the range of the soil IRM curves. The 
second group of sediments are from depths between 1324 and 1401cm. These sediments 
are magnetically very weak and their IRM acquisition curves lie outwith the range of 
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Figure 6.21. IRM acquisition curves of selected sediment and soil samples. 
Hysteresis loops were next measured for the 17 lake sediment horizons, and also for 
each of the five particle sizes of the 18 soil samples. In total 107 hysteresis loops were 
measured. From Figure 6.20 we can see that the particle size range of the lake sediments 
does not exceed 500jtm. Thus the soil samples greater than 500jtm were subsequently 
discarded. 
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The variation of M with depth for the lake sediments is shown in Figure 6.22. The 
average value of M3 for the upper 12 sediments is 0.077Am 2kg 1 . In comparison the 
average value of M3 for the lower five sediments is only 0.032Am 2 kg 1 . From the graph 
it is evident that the lower five sediments are magnetically weaker in comparison to the 
upper 12 sediments. Figure 6.23 shows the variation of M3 for each of the four particle 
sizes of the 18 soil samples. With the exception of just four samples, the samples show 
a decrease in M3 with increasing particle size. The < 2jm particles have overall the 
highest M, whereas the 63 - 500 jim particles have the lowest M3 . 
Ms(AmA2/kg) 












Figure 6.22. Variation of M with depth for the 17 sediments. 















Figure 6.23. Variation of M3 for the four particle size (/.Lm) fractions of the 18 soil 
samples. 
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6.3.3 Unmixing in terms of Magnetic Minerals 
All 72 soil samples less than 500gm in size 'and all 17 sediments were unmixed in terms 
of magnetite, haematite and paramagnetic components. Examples of two sediments, 
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Figure 6.24. Unmixing of sediment cliO in terms of magnetite and haematite compo-
nents. 
In Figure 6.24 the results of unmixing sediment cuD are shown. Sediment cuD is 
from a depth of 490cm, i.e. it is from the upper group of sediments. The unrnixing 
results indicate a very small magnetite component in comparison with the haematite 
component. There is 30 times more haematite than magnetite. The results refer 
to masses. As magnetite is almost 200 times as magnetic as haematite the magnetite 
component contributes .- seven times that of the haematite component. This is why 
we observe a narrow hysteresis loop typical of PSD/MD magnetite rather than a very 
wide hysteresis loop typical of haematite, as we might expect on an initial glance at 
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the unmixing results. The hysteresis ioop is very steep in high magnetic fields. The 
high paramagnetic component determined using the unmixing algorithm reflects the 
steepness. 
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Figure 6.25. Unmixing of sediment c113 in terms of magnetite and haematite compo-
nents. 
Figure 6.25 shows the results obtained for unrnixing sediment c113, which is from a 
depth of 1325cm, i.e. from the lower group of sediments. The lower group of sediments 
all exhibit hysteresis loops similar to c113. They are all dominated magnetically by 
paramagnetic minerals and only reveal a very weak ferrimagnetic component. 
Figure 6.26 shows the results of unmixing soil sample c1104, which is the 2 - 10im 
particle size fraction of the sample from a depth of 100cm at site 7. The relative masses 
of the different components are similar to those obtained for sediment cilO (Figure 6.24). 
However the magnetite component of soil c1104 has a higher SD fraction than that of 
sediment cilO. Soil c1104 has ' -S' 	 times the amount of high coercivity magnetite 
compared to low coercivtiy magnetite, whereas sediment cilO has only 	the amount 
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of high coercivity magnetite compared to low coercivity magnetite. Hence the differences 
in coercivity between the two samples are due to differences in the range of domain states 
of magnetite rather than in the proportion of haematite present. Unmixing of sample 
c1119, which is the < 2m particle size fraction from a depth of 50cm at site 7, produces 
very similar results (Figure 6.27). 
Figures 6.28 - 6.30 summarise the results of the unmixing of all the 89 soils and sed-
iments in terms of magnetite, haematite and paramagnetic components. In Figure 6.28 
the soil samples have been grouped according to depth, 0-20cm, 25-50cm and 75-100cm. 
The graph shows the proportion of magnetite in all the samples plotted against the 
proportion of haematite. We can see that with this graph alone we can not discriminate 
between the topsoils and the subsoils. We can also see that, similar to the IRM acqui-
sition curves, some of the sediments plot outwith the range covered by the soil samples 
as these sediments have a lower percentage of magnetite than the soils. 
Now consider the soil samples in terms of the four particle sizes, < 21im, 2 - 10m, 
10-63/Lm and 63-5001Lm. In Figure 6.29 four different parameters have been plotted for 
each particle size fraction of the soils and also for the sediments. Figure 6.29 (a) shows 
the range of M values found for each group. The < 21Lm, 2 - 10m and 10 - 6311m 
particles each show a relatively narrow range of M values, with an overall decrease 
with increasing particle size. The 63 - 500im particles show a much wider range of M3 
values. The lake sediments show a very similar range of M values to the 63 - 500pm 
soil particles. The other three graphs in Figure 6.29 summarise the results from the 
unmixing algorithm. The lake sediments show a very narrow, low range of magnetite 
components compared to the soils (Figure 6.29 (b)). All the soil fractions and the 
sediments show a wide range of haematite components (Figure 6.29 (c)). Once again 
the lake sediments tend to have the lowest magnetic concentrations. The paramagnetic 
components calculated by the unmixing algorithm (Figure 6.29 (d)) are very interesting. 
With the exception of just one of the < 2tm soils we can see a perfect distinction 
between the four groups of soils. There is a pronounced decrease in paramagnetism 
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with increasing particle size. In contrast to the iron oxide minerals the paramagnetic 
components of the lake sediments almost span the range of those calculated for the soil 
samples. 
We can look at the results from the unmixing algorithm in another way. Biplots are 
shown in Figure 6.30. Figure 6.30 (a) shows the proportion of magnetite calculated for 
each hysteresis loop verses the proportion of haematite. There is no clear distinction 
between the different soil groups, although it does appear that the smaller particles 
have a lower magnetite content. Figure 6.30 (b) shows the calculated paramagnetic 
proportions verses the haematite proportions. With the exception of the one < 2m 
soil sample noted earlier we can see a clear distinction between the four groups of soil 
samples. The trend of increasing paramagnetism with decreasing particle size observed 
in Figures 6.29 (d) and 6.30 (b) can probably be attributed to the clay content of the 
soil samples. The < 2jtm particles have the highest clay content. 
Figure 6.31 shows the results of the mineral magnetic unraixing calculations for the 
17 sediments. The proportions of magnetite, haematite and paramagnetism calculated 
for each sediment hysteresis loop are plotted against depth. We can see a clear disct-
inction between the amount of magnetite in the lower five sediments (below 1300cm) 
and the upper 12 sediments (above 600cm). The upper sediments have a higher pro-
portion of magnetite. The disctinction between the upper and lower sediments is less 
pronounced in the variation of haematite and very slight in the case of paramagnetic 
components. Overall the results shown in Figure 6.31 could be explained if magnetite 
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Figure 6.26. Unmixing of soil sample c1104 in terms of magnetite and haematite 
components. 
c1119 
Figure 6.27. Unmixing of soil sample c1119 in terms of magnetite and haematite 
components. 
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Figure 6.28. Results of unmixing 89 hysteresis ioops in. terms of magnetite and 
haematite components. The soil samples are grouped in terms of depth. 
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Figure 6.29. Results of unmixing 89 hysteresis loops in terms of magnetite and 
haematite components. The soil samples are grouped in terms of particle size (in nm). 
(a) M3 , (b) magnetite proportions, (c) haematite proportions and (d) paramgnetic pro- 
portions. 
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Figure 6.30. Results of unmixing 89 hysteresis loops in terms of magnetite and 
haematite components. The soil samples are grouped in terms of particle size (in jim). 
(a) Magnetite verses haematite. (b) Paramagnetism verses haematite. 
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Figure 6.31. Results of uninixing 17 sediment hysteresis loops in terms of magnetite, 
haematite and paramagnetism. The proportions of magnetite, haematite and paramag-
netism are plotted against depth. 
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6.3.4 Unmixing in terms of Sources 
We have so far seen that some of the lake sediments have magnetic properties outwith 
the range of magnetic properties of the soils. This means that it will not be possible to 
unmix all the lake sediments in terms of the sources sampled in the catchment alone. 
The main variation observed in the magnetic properties of the soil samples was 
connected with the amount of paramagnetic minerals present in the different particle 
sizes. Thus the sediments were unmixed in terms of the four particle sizes. Figure 6.32 
shows the unmixing results obtained for five of the lake sediments. In each graph the four 
bars indicate the proportion of each particle size found by the unmixing routine. The 
five sediments were selected for direct comparison with Figure 6.20, in which the particle 
size analysis results obtained by laser granulometry of the five sediments are shown. For 
correct unmixing to have occured the overall shape of the graphs in Figure 6.32 should 
resemble those in Figure 6.20. The unmixing results of sediments c1127 and c1130 are 
similar to the particle size analyses. The unrnixing results show the dominant particle 
size range to be 2 - 10jim. The particle size analyses show a peak in the particle size 
distribution just below 101m. However in the other three sediments, c1128, c1129 and 
c1131, the unmixing results suggest that the dominant particle size range is either < 211m 
(c1128 and c1129) or 63 - 500im (c1131). These unmixing results are different from 
the particle size analyses which indicate peaks at approximately 101m. Refering back 
to Figure 6.30 we can see that the sediments have paramagnetic components similar 
to the 2 - 10jim and 10 - 631m soils. The unrnixing results can be explained if we 
consider the two options the algorithm has when iterating to find the best fit solution 
(i) the algorithm can select high proportions of source hysteresis loops which have 
similar paramagnetic components to the sediments i.e. select hysteresis loops of the 
2 - 10jm and 10 - 63tm soils (sediments c1127 and c1130) or (ii) the algorithm can 
select a combination of source hysteresis ioops which have high and low paramagnetic 
components, i.e. the < 21im and the 63— 500tm soils (sediments c1128, c1129 and c1131). 
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In Section 6.3.3 we saw that five of the sediments plotted outwith the ranges of 
the soil samples. These sediments were found to have lower magnetite contents than 
the soil samples. The 17 sediments were unmixed in terms of the 72 source hysteresis 
loops. Higher R values were observed for the upper 12 sediments compared to the lower 
five sediments. The lower R values for the five sediments indicate that the unmixing 
algorithm could not find suitable end-members to include in the solution i.e. additional 
sources are required, as expected. If the five sediments have indeed undergone magnetite 
dissolution, the loss of magnetite would suggest a subsequent higher relative concentra-
tion of other magnetic components. Comparing the mineral unmixing results shown in 
Figures 6.24 and 6.25, we see a paramagnetic to magnetite ratio of 2600 for c113 (lower 
sediment) compared to 1200 for cilO (upper sediment). Thus indicating a higher rela-
tive paramagnetic component in the lower sediments than the upper sediments. The 17 
sediments were unmixed a second time, in terms of the 72 source hysteresis loops and a 
hypothetical paramagnetic source. Comparing the unmixing results using the two sets 
of end-members (i) soils only and (ii) soils and paramagnetism, to five significant figures 
there was no change in the R-values of the upper 12 sediments. In comparison there 
was a significant increase in the R values of four of the lower five sediments when the 
paramagnetic source was included. Figure 6.33 shows sediment c116 unmixed in terms 
of (i) soils only and (ii) soils and a paramagnetic component. We can clearly see the 
poor fit between the sample hysteresis loop and the model hysteresis loop found from 
unmixing in terms of the soils only. There is no observable distinction between the sam-
ple hysteresis ioop and the model hysteresis loop when a paramagnetic component has 
been included in the uninixing. These source unmixing results support the likelihood of 
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Figure 6.32. Unmixing results of five sediments plotted as total mass percentages of 
the four particle size ranges against particle size. 
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Figure 6.33. Source unmixing of sediment c116 in terms of (i) all soil samples and (ii) 
all soil samples and a hypothetical paramagnetic component. 




The following points have been observed in the results of unmixing (i) the 72 soil and 
17 sediment hysteresis loops in terms of magnetite, haematite and paramagnetic corn-
ponents and (ii) the 17 sediments in terms of the 72 catchrnent soils 
The soil samples can not be differentiated magnetically on the basis of the depth 
from which they were collected i.e. no difference was found between the topsoils 
and subsoils. 
The particle size fractions of the soil samples can be distinguished by their para-
magnetic components. Paramagnetism increases with decreasing particle size. 
The lake sediments can be split into two groups. The 12 sediments from depths 
above 600cm are magnetically stronger than the five sediments from depths greater 
than 1300cm on the basis of their magnetite content. There is some overlap in the 
haematite and paramagnetic concentrations of the two groups. 
Comparison between unmixing results and the particle size analysis of five of the 
sediments show that in the case of two sediments there is a reasonable comparison. 
The discrepancy observed in the other three samples can be explained in terms 
of the algorithm adding together samples with high paramagnetic components (< 
2p.m) to samples with low paramagnetic components (63— 500pm) to approximate 
the samples with medium paramagnetic proportions. 
The comparison between unrnixing the sediments in terms of (a) the catchment 
soils only and (b) the catchment soils plus a hypothetical paramagnetic component 
show that the upper twelve sediments can be unmixed satisfactorily in terms of 
only the soil samples. Significantly higher R-values can be obtained for the lower 
group of sediments when a paramagnetic component is added. 
In terms of erosion patterns within the Bussjö catchment the above points indicate 
that nothing conclusive can be obtained regarding percentages of topsoil/subsoil in the 
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sediments. This comes as a surprise as the Lake Bussjö catchment was selected for study 
on the basis of the results obtained by Dearing et al. (1990). Measurements of frequency 
dependent susceptibility, Xfd,  and HIRM (SIRM - IRM_ lOOmT) were carried out on 
different particle size fractions of 35 soils from different depths at 20 sites. In this 
earlier study increasing ratios of HIRM/Xfd with depth indicated a higher proportion 
of antiferromagnetic minerals in the parent material compared to the topsoils. On the 
basis of the subsoil/topsoil disctinction Dearing et al. (1990) interpretated variations in 
HIRM/Xfd in the lake sediments in terms of periods in which the dominant source was 
either (i) transport of subsoil through channel scour or coarse particles or (ii) topsoil 
erosion. 
There is thus a major unresolved discrepancy between the two magnetic studies 
carried out on the Lake Bussjö catchment. Dearing et al. (1990) found a difference 
between topsoil and subsoil. In this study no such difference was found. Unless identical 
measurements can be carried out on the two sets of samples nothing can be concluded 
regarding the discrepancy. 
6.3.6 Summary of Lake Bussjö Study 
Mineral magnetic measurements have been carried out on a range of soils and sediments 
from the catchment of Lake Bussjö. 72 soils (of different particle size fractions) and 
17 lake sediments were unmixed in terms of magnetite, haematite and paramagnetic 
components. The results show a very good disctinction between the different particle 
size fractions of the soils particularly on the basis of their paramagnetic components. 
Unrnixing the lake sediments in terms of the catchment soils indicates that all possible 
sources have probably been identified for the uppermost sediments but that magnetite 




Virtually all the possible geophysical prospecting techniques have been used in archaeol-
ogy for identifying and defining the extent of sites before detailed excavations are carried 
out (Wynn 1986). Magnetic surveying, the most frequently used geophysical technique 
was first used in 1958 in England (Aitken 1974). Magnetic surveying has been used to 
map buried stone foundations and also to identify the locations of forges, kilns, hearths 
and campfires (Gibson 1986). 
Another commonly used geophysical surveying technique is that of magnetic sus-
ceptibility e.g. Yates (1988). Susceptibility is useful in archaeological studies because 
topsoils usually have higher susceptibilities than the underlying materials, and also sus-
ceptibility is enhanced by human activity (Clark 1990). It is not only in field surveying 
that susceptibility is useful. Differences between natural deposits and areas of human 
occupation have been found using laboratory based frequency dependent susceptibility 
measurements. Areas of human occupation have high frequency dependent susceptibil-
ity. In this case very small SPM grains which have been formed as a result of burning are 
believed to produce the increased susceptibility. In comparison soils which are formed 
as a result of weathering of natural parent material are believed to contain large MD 
158 
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grains which give low values of frequency dependent susceptibility (Clark 1990). 
In recent years the use of mineral magnetic measurements in archaeology has in-
creased e.g. Tite & Linington (1986), Yates (1988), McClean & Kean (1993) and FaBbinder 
& Stanjek (1993). In this chapter the wider use of mineral magnetic measurements for 
classifying archaeological sediments and identifying sources has been explored. Two 
sites have been investigated, (i) a site on Papa Westray in Orkney, for which a range of 
mineral magnetic measurements have been used to discriminate between different sed-
iment types, and (ii) a site on Cyprus, for which hysteresis loops were measured with 
the hope of being able to conclude something about the nature of the sediment sources. 
7.2 Papa Westray, Orkney 
Mineral magnetic measurements have been carried out on different sediment types from 
an archaeological site on Papa Westray, Orkney, the aim being to investigate the use 
of mineral magnetic measurements in helping to discriminate and identify the different 
sediment types. 
7.2.1 Site and Samples 
The archaeological site is located in the centre of the island of Papa Westray in Orkney. 
The location of the site is shown in Figure 7.1. An extensive Iron Age site, known 
locally as 'Munkerhoose', is located under and to the west of St. Boniface' church. 
A large farm mound, previously identified as 'Binnas Kirk' and possibly the site of a 
separate ecclesiastical building, lies to the north. These features are exposed in the 
adjacent cliff section over a distance of approximately 125m. Parts of the site are being 
actively damaged by marine and particularly by aeolian erosion. The cliff section was 
characterised prior to excavation as consisting of out buildings, a probable broch and 
a farm mound, all with superimposed structures and deposits. A horizontal excavation 
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Figure 7.1. Location of archaeology site, from Lowe (1990). 
measurements (Lowe 1990). The vertical sections spanned approximately 80m of the 
cliff and subsamples from these sections were used for mineral magnetic measurements. 
The samples were provided by Dr. S. Carter (AOC Scotland). A schematic diagram of 
the cliff section is shown in Figure 7.2. The numbers refer to the contexts assigned by 
the archaeologists. The vertical sections extend from the present day topsoil through 
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Norse sediments (upper and lower), to Iron Age sediments (lower Iron Age sediments are 
evident in column A) and finally to the natural soils and till. 11 of the contexts extend 
across two columns. A further four contexts extend across three columns and three 



























Figure 7.2. Schematic diagram of cliff section (not drawn to scale). The context 
numbers are those previously assigned by the archaeologists. 
7.2.2 Measurements 
Mineral magnetic measurements were carried out on subsamples of each of the contexts 
in each of the four columns shown in Figure 7.2, a total of 85 contexts. In addition a 
further two "mystery" samples from another part of the site were measured. The aim 
being to hopefully characterise these two samples on the basis of the magnetic measure-
ments. The magnetic measurements were limited to x, ARM, ARM 4 T, IRM60,T, 
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SIRM and hysteresis ioops. 
Table 7.1 summarises the susceptibility and coercivity data for each of the seven 
soil types identified by the archaeologists. Figures 7.3 and 7.4 show the variation of x 
and IRM GOmT/SIRM respectively, for each of the four columns. From the table and 
the two graphs we can see there is very little variation in the grain size of the magnetic 
components of the samples as shown by the coercivity and IRM6 T/SIRM. No soil 
type has significantly higher or lower coercivity values than any of the other soil types. 
The main variation between the samples is observed in the magnetic concentration, as 
shown by the x data and plots. The samples from the upper part of the section are 
magnetically ten to twenty times stronger than those from the lower part. Indeed an 
enhancement ratio of over 200 is observed between the bedrock and the sediment with 
the highest x an Upper Norse sediment from column C. Although there is a general 
decrease in the magnetic concentration from the upper part of the soil profile to the 
lower part, susceptibility alone can not be used to discriminate between the different 
soil types. 
In an attempt to determine the mineralogy and obtain a better idea of the do-
main state of the sediments the summary diagram of Figure 4.3 (the variation of 
SIRMIX verses ARM 40m T/SARM for the characterised magnetite, titanomagnetite 
and pyrrhotite samples) has been replotted with 35 (ca20-ca54) of the Orkney sedi-
ments superimposed (Figure 7.5). The sediments all cluster together in the centre of 
the magnetite and titanomagnetite region of the graph, indicating PSD state. 
Thermomagnetic curves were measured using the procedure described in Section 1.5.5 
for two of the sediments (Figure 7.6). Sample ca14 is an Upper Norse sediment from 
column C. The thermomagnetic curve of sample ca14 can be explained in terms of three 
components. (i) Magnetite is present as indicated by the T of 580°C. (ii) The lin-
ear part of the heating and cooling curves indicate SPM grains. (iii) The difference in 
magnetisation at room temperature between the heating and cooling curves indicates 
chemical alteration. The possible T at 300°C suggests that maghaemite may have 
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Topsoil 6.85[6.03-7.60] 5.8[3.3-8.1] 
Upper Norse 10.18[5.21-22.20] 6.8[4.5-9.2] 
Lower Norse 4.79[2.09-11.27] 7.4[6.2-9.0] 
Iron Age 4.44[0.74-8.34] 8.4[6.5-11.5] 
Earlier Iron Age 0.80[0.27-2.07] 7.6[5.6-10.1] 
Natural Soils 1.88[0.21-4.29] 7.3[5.1-9.2] 
Till 0.24[0.10-0.31] 7.5[6.9-8.5] 
initially been present in the sample and that on heating it has altered to a less mag-
netic mineral hence the decrease in magnetisation after cooling. In Figure 7.6 (b) the 
thermomagnetic curve of sample ca24, an Iron Age sediment from column C, is shown. 
The linear decrease in magnetisation with heating and the reversibility of the curve 
again indicates the presence of SPM grains. A thermomagnetic curve similar to those 
shown in Figure 7.6 was obtained by Fal3binder (1992) for a magnetic separate from his 
archaeological soils. 
Additionally low temperature susceptibility measurements were carried out for three 
of the samples during a visit to the Department of Geography, University of Liverpool. 
The variation of x  with temperature is shown in Figure 7.7. The linear nature of the 
low temperature x  curves for all three samples indicate that the magnetic grains are 
SPM at room temperature (Radhakrishnamurty & Deutsch 1974, Radhakrishnamurty 
et al. 1978). The decrease in susceptibility observed with decreasing temperature in 
Figure 7.7 could be due to the grains exhibiting a range of blocking temperatures at 
which they become stable SD. 
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Figure 7.3. 	Variation of susceptibility with depth for each column. The units of 
susceptibility are jim3 kg 1 . 
0 C B A 
IRM(60m1)/SIRM IRM(6OmT)/SIRM IRM(6OmT)/SIRM RM(60m1)/SIRM 
0.0 0.5 	1.0 0.0 	0.5 	1.0 0.0 	0.5 	1.0 0.0 	0.5 	1.0 




El Lower  
El Norse 




A iron ige 
Norse 
El 















A A A + IronAge 







Soils 0 Soils 
1111 x Till 
Figure 7.4. Variation of IRM6 T/SIRM with depth for each column. 












1 0-, 	 1 	1 	1III 
0.01 0.1 	 1.0 
ARM(40mT) / SARM 
* Orkney 
Figure 7.5. Graph of SIRMIX verses ARM40 mT/SARM indicating where 35 of the 





0 	 200 	400 	600 
	
0 	200 	400 	600 
Temperature (*C) Temperature CC) 
Figure 7.6. Thermomagnetic curves of two sediments. (a) Sample ca14 is an Upper 


















-150 	-100 	 -50 	 0 
Temperature (CC) 
Chapter 7. Archaeological Sites 
	
166 
-200 	-150 	-100 	 -50 	 0 
Temperature (CC) 






-200 	 -150 	 -100 	 -50 	 0 
Temperature (CC) 
Figure 7.7. Low temperature susceptibility cooling curves for (a) ca12, (b) ca14 and 
(c) ca24. 
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7.2.3 Unmixing in terms of Domain States of Magnetite 
The hysteresis ioops of 85 sediments have been unmixed in terms of different domain 
states of magnetite using the procedure described in Section 5.5. Figures 7.8 - 7.11 
show examples of the results obtained. 
ca2O 
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dia = 0.95 
Figure 7.8. Unrnixing sediment ca20 (topsoil, column C) in terms of the different 
domain states of magnetite. 
Figure 7.8 shows the hysteresis loop of the topsoil from column C. The hysteresis 
loop is very steep in low fields and has a small coercivity. These key features of the 
loop are reflected in the results of the unmixing. There is a high percentage of SPM, 
which reflects the steepness of the ioop in low fields. The SD component, .' half of 
that of SPM, reflects the opening out of the hysteresis ioop to give the small coercivity 
observed. No MD grains are present in the sample. The small paramagnetic component 
is shown in the small inclination of the hysteresis loop in high fields. 
Figure 7.9 shows the results of unmixing sample ca14, which is an Upper Norse 
sediment from column C. As in the previous example there is a high percentage of SPM 
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Figure 7.9. Unmixing sediment ca14 (Upper Norse, column C) in terms of the different 
domain states of magnetite. 
grains in comparison to the SD grains, and again there is no MD component. 
Figure 7.10 shows an example of unmixing sediment ca26, which is an Iron Age 
sediment from column C. In comparison to the previous two examples the overall amount 
of magnetite is lower. This lowering is consistent with the general decrease in magnetic 
concentration from the upper part of the profile to the lower part. The ratio of SPM to 
SD content is smaller in sample ca26 than samples ca20 and ca14. The larger relative 
amount of SD grains is reflected in the higher coercivity of sample ca26. The higher 
relative amount of paramagnetism in sediment ca26 is reflected in the larger inclination 
of the hysteresis loop in high fields. 
As a final example sediment ca16, the till from column C, is shown in Figure 7.11. 
The till is magnetically the weakest material in the profile. The low magnetite percent-
ages calculated by the algorithm indicate the low magnetic concentration. Similar to 
the other examples, there is a higher SPM content in comparison to the SD content, 
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but unlike the other examples, ca16 has a small MD component. 
ca26 
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Figure 7.10. Unmixing sediment ca26 (Iron Age, column C) in terms of the different 
domain states of magnetite. 
cal 6 
0.04— 
R = 0.9998 
0.02— 
spm = 0.00006 
Sd mag = 0.00003 
76 
0.0 
md mag = 0.00001 
para = 0.067 




-1000 -500 	0 	500 	1000 
Field (mT) 
Figure 7.11. Unmixing sediment ca16 (till, column C) in terms of the different domain 
states of magnetite. 
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Figure 7.12. Variation of SPM, SD and MD magnetite proportions with depth for 
each column. 
Figure 7.12 summarises the results of unmixing 83 sediments from the four columns. 
The percentages of SPM, SD and MD magnetite calculated by the unmixing algorithm 
have been plotted for each sample. The graph shows the very low MD components in 
all the sediments. There is a high correlation between the SPM and SD components. 
In all sediments the SPM component is higher than the SD component. 
7.2.4 Discriminant Analysis 
No single or simple combination of the magnetic measurements or the results of unmix-
ing the hysteresis loops distinguishes the different soil types. Thus discriminant analyses 
(cf Section 4.6) were carried out using all the magnetic data obtained. The susceptibil-
ity and remanence data, the hysteresis loop magnetisations and coercivity and also the 
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hysteresis ioop unmixing results were all included. The aim was to investigate whether 
or not the magnetic data could classify the different soil types and hence lead to the 
identification of the "mystery samples". Figures 7.13 - 7.15 show the results of the 
discrixninant analyses. The six variables shown in the figures are complicated combina-
tions of between 13 and 19 magnetic parameters, which are either the basic magnetic 
data, normalised data or ratios. Thus no detailed description of the individual variables 


















Figure 7.13. Discriminant analysis carried out on the upper three soil types, topsoil, 
Upper Norse and Lower Norse. 
Figure 7.13 shows the separation achieved using the discriminant analysis between 
the upper three soil types from the section. We can see a clear disctinction between 
the topsoil, the Upper Norse and the lower Norse. Only one of the "mystery" samples, 
ca54, has plotted within the range of the graph. 
Figure 7.14 gives an indication of the differences observed in the magnetic measure- 
ments between the three groups, Lower Norse, Iron Age and Early Iron Age. These 
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Figure 7.14. Discrirninant analysis carried out on the middle three soil types, Lower 
Norse, Iron Age and Eary Iron Age. 
three soil types are from the middle section of the profile. Both "mystery" samples have 
plotted within the ranges of the two variables shown in Figure 7.14, indicating similar 
magnetic properties. 
The final discriminant analysis was carried out on the three soil types from the lower 
part of the profile, the Early Iron Age, the natural soils and the till. The results are 
shown in Figure 7.15. Only 'mystery' sample ca53 has plotted within the ranges of 
variables 5 and 6 shown in the graph. 
7.2.5 Discussion 
Four separate magnetic techniques have been used in an attempt to determine the nature 
of the archaeological sediments from Orkney. The main results found from the different 
magnetic techniques were 
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Figure 7.15. Disrciminant analysis carried out on the bottom three soil types, Early 
Iron Age, natural soils and till. 
the qualitative identification technique using x and remanence data indicates the 
presence of magnetite/titanomagnetite grains of PSD size. 
the hysteresis loop umixing algorithm indicates the dominant domain state to be 
SPM, on the assumption of a predominantly magnetite mineralogy. 
the thermomagnetic curves indicate the dominant magnetic mineral to be mag-
netite and the dominant domain state to be SPM. 
the low temperature susceptibility curves indicate the samples are dominated mag-
netically by SPM magnetite. 
Overall then we can assume that the dominant magnetic mineral is magnetite. The 
four points listed above, however, are inconsistent in the determination of the domain 
state of the sediments. Points 2, 3 and 4 indicate the dominant domain state to be SPM. 
As previously mentioned in Section 4.5 problems occur when SPM grains are present in 
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samples as far as the qualitative techniques are concerned. SPM does not contribute to 
the remanent magnetisations, but does contribute to X . The ARM 40mT/S ARM values 
shown on the x-axis of Figure 7.5 are therefore a result of only the SD and MD grains 
present in the sediments. The unmixing results indicate only a very small proportion 
of MD grains. These MD grains however may cause the observed decrease in the ARM 
ratio from the SD values. Similarly the SIRMIX ratio decreases with increasing SPM, 
and so biplots of SIRMIX ratios are less reliable when SPM grains are present, than 
the other magnetic techniques. Hence it is likely that the dominant domain state of the 
magnetic minerals in the Orkney sediments is SPM. 
From the discriminant analyses shown in Figures 7.13 - 7.15 we can not conclude 
anything definite about the nature of the two 'mystery' samples. However it does seem 
likely that the two samples are from the middle section of the overall profile. The 
discriminant analysis results also indicate that sample ca54 is from a higher context, i.e. 
is a more recent sediment, than sample ca53. 
7.2.6 Summary of Papa Westray Study 
A range of magnetic measurements were carried out on 87 sediments from the archae-
ological site on Papa Westray. The main difference between the seven archaeologically 
defined sediment groups was observed in the magnetic concentration. Noticably higher 
magnetic concentrations were observed in the upper, more recent parts of the section. 
Unmixing the hysteresis loops of the sediments in terms of different domain states of 
magnetite indicated that the dominant grain size in the sediments is SPM. The presence 
of SPM grains was confirmed by thermomagnetic and low temperature susceptibility 
analysis. Three discriminant analyses were successfully carried out on all the magnetic 
data to highlight differences between the sediment groups of the upper, middle and 
lower sections of the profile. From the analyses it was concluded that the two mystery 
samples were magnetically most similar to the middle region of the soil profile. 
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7.3 Kissonerga-Mosphilia, Cyprus 
Mineral magnetic measurements were carried out on samples from the site Kissonerga-
Mosphilia in Cyprus to see if they could help identify the sediment sources. 
7.3.1 Site and Samples 
Kissonerga is located on the west coast of Cyprus. The site comprises of a number of 
laterally extensive but archaeologically "barren" sedimentary units, the origin of which 
are unknown. From a vertical section of sediments 35 samples of approximately 5cm 
thickness were subsampled in the field. Smaller subsamples were provided by Dr. R. 
Tipping for mineral magnetic measurements. The sediments spanned 175 of the 210cm 
of sediment and encompassed all of contexts 1570, 1556 and 1667, the lower third of 1568 
and also included one sample from the bedrock. Boundaries between all the contexts 
are visually well-defined except that between 1667 and 1556 (Tipping & Peters 1995). 
A diagram of the section is shown in Figure 7.16. 
In addition to the 35 sediments, 11 samples of soil collected from close to the ar-
chaeological site, were provided for comparison between the soils and sediments using 
mineral magnetic measurements. A description of the soils is given in Table 7.2. The 
samples can be classified into three different groups of (i) alluvium/colluvium (samples 
3,4,7,8,9,10 and 11), (ii) bedrock (sample 5) and (iii) samples probably from within the 
archaeological site (samples 1,2 and 6). 




1568 	 Cyprus 
Kissonerga 
1556 
I 0.5 CD m 
1667 	30  
havana bedrock 
Figure 7.16. Diagram of section of the archaeology site at Kissonerga-Mosphilia. 
Table 7.2. Description of 11 sources. 
No. Description 
1 silty topsoil .-' 60cm depth, archaeological deposits 
suggest this point to be within the archaeological site 
2 silty topsoil 	75cm depth, from within the 
archaeological site 
3 silty alluvium/colluvium in cultivation terrace '-j 4m 
above stream bed 
4 silty alluvium/coiluvium '-.' 6m above stream 
bed - deposits contain historic period sherds 
5 marl bedrock 
6 ash-rich silt containing many sherds, probably part of 
the archaeological site 
7 clayey silt(alluvium/colluvium) 	6.5m above stream bed 
8 afluvium/colluvium with pebbles from near base of 
modern stream channel 
9 alluvium/colluvium with many small pebbles in a recent 
terrace 	Sm above stream bed 
10 alluvium/colluvium with many small pebbles in the same 
terrace as 9, but " 4m above stream bed 
11 silty colluvium 	2m above stream bed 
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7.3.2 Magnetic Measurements 
Hysteresis loops were measured for the < 631im particle size fraction of the 35 sediments, 
and also for the 11 bulk source samples. The hysteresis loops of the sediments were all 
very similar in shape (cf Figures 7.20 and 7.21). The main variation between the loops is 
in the magnetic concentration. Overall there is a decrease in the magnetic concentration 
from the upper part of the sequence down to the bedrock. The magnetic concentration 
changes can be seen in Figure 7.17, which is a plot of M3 verses sample number. The 
M data has been summarised in Table 7.3. Generally the M3 data can not distinguish 
between the different contexts. However there is no overlap between the M3 values of 
the adjacent contexts 1570 and 1556, 1570 has the highest M8 values. Similarly the 
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Figure 7.17. Variation of M with sediment number. 
Turning now to the potential source materials, similar shaped hysteresis loops to 
those measured on the sediments were obtained for ten soil samples. The other sample, 
number 5, the bedrock, is dominated by paramagnetic minerals. Table 7.4 shows the M 
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Table 7.3. Summary of M3 data for each sediment context. 
context average M3 I min M max M3 
(Am 2 kg')  
1568 0.118 0.113 0.120 
1570 0.098 0.082 0.116 
1556 0.073 0.071 0.077 
1667 0.072 0.067 0.077 
bedrock 0.058  
data values for the potential sources. These values range from 0.144Am 2kg' for source 
3 to 0.011Am 2kg' for source 5. With the exception of sample 3, a clear magnetic 
distinction is found between the three groups of source material. The samples from 
within the archaeological site are magnetically the strongest, possibly due to magnetic 
enhancement. The bedrock is magnetically the weakest and the alluvium/colluvium 
samples have intermediate magnetic strengths. In Tables 7.3 and 7.4 we can observe 
that the range of M5 values of the sediments is within the range of the source values. 
Table 7.4. M3 data for the sources in decreasing order. 
source M3 
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7.3.3 Unmixing in terms of Magnetite Domain States 
The 35 sediment hysteresis loops and also the 11 source hysteresis ioops were unmixed in 
terms of different domain states of magnetite. Examples of unmixing two sediments and 
two sources are shown in Figures 7.18 - 7.21. For source 1, sediment 4 and sediment 19 
the unmixing algorithm finds the samples to be dominated by SPM grains. In contrast 
source 5, the bedrock, is found to be dominated by MD magnetite grains. 
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Figure 7.18. Uninixing source 1 in terms of the different domain states of magnetite. 
Table 7.5 summarises the results of unmixing the 35 sediments and 11 sources. We 
can see from Table 7.5 that the mass proportions of SPM and SD magnetite calculated 
for the sediments is within the range of those of the sources. The range of MD magnetite 
mass proportions for the sediments almost falls within the range of those of the sources. 
Similar results are not observed for the paramagnetic mass proportions. A wide range 
of paramagnetic mass proportions is observed for the sources. A much narrower and 
significantly higher, although overlapping, range of mass proportions is observed for the 
sediments. The difference in paramagnetism between the sources and sediments is seen 
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more clearly in Figure 7.22, which shows the variation of paramagnetism with SPM 
content. On this diagram there is no overlap between the properties of the sources and 
sediments. The differences could be due to the particle size fractions of the measured 
samples. Bulk soil samples were measured, whereas the < 63tm particle size fractions 
of the sediments were used. Alternatively the sediments may have been altered either 
before or after deposition. The second suggestion seems unlikely as three of the sources 
are "probably" from within the archaeological site and these three samples exhibit a 
lower paramagnetic component than the sediments. Further measurements are required 
before any definite conclusions can be made regarding the difference in the paramagnetic 
content of the soils and sediments. 
Table 7.5. Summary of unmixing results 
average mass proportions 
[minimum-maximum] 
Component Sources Sediments 
sd mag 1.592 x 10 4 1.180 x 10 
[3.1 x 106 - 2.726 x iO n] [7.28 x 10 	- 2.166 x iO] 
md mag 3.23 x 10 2.68 x 10-5 
[5.8 x 10 	- 6.66 x 10] [6.8 x 106 - 6.89 x 10] 
para 0.0809 0.1039 
[0.0238 - 0.1026] [0.0913 - 0.1268] 
spm 3.835 x 10 2.919 x 10 
[2.3 x 10_6 - 8.749 x 10] [1.497 x iO 	- 5.271 x 10] 
spm vol. 0.0637 0.0582 
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source 5 (cal 03) 
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Figure 7.19. Unmixing source 5 in terms of the different domain states of magnetite. 
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Figure 7.20. Unmixing sediment 4 in terms of the different domain states of magnetite. 
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Figure 7.22. Results of unmixing 35 sediments and 11 source hysteresis ioops in terms 
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7.3.4 Source Unmixing 
The aim of measuring the hysteresis ioops of the samples from Kissonerga-Mosphilia 
was to try and gain information regarding the possible sources of the sediments. We 
have seen from unmixing all the hysteresis loops in terms of paramagnetic and Inag-
netite components that there is a clear difference between the sources and sediments 
(cf Figure 7.22). We also see very little difference in the hysteresis loops between the 
sources. The only significant variation is in the magnetic concentration. Unfortunately 
magnetic concentration alone is insufficient to fully characterise sources. We require 
a difference to be observed in either domain state or mineralogy. Due to this lack of 
variation the source unmixing technique (cf Section 5.6) was not applied to the samples 
from Kissonerga-Mosphilia. 
However, on the basis of the magnetic concentration alone we can suggest likely sed-
iment sources. The sources from within the archaeological site are, with the exception 
of one alluvium/colluvium source, magnetically the strongest. The high concentrations 
of the archaeological sources could be a result of topsoil enhancement (le Borgne 1955). 
The similarity in magnetic concentration between the archaeological sources and the 
sediments from the upper part of the section (contexts 1568 and 1570) might therefore 
imply that eroding topsoils are the source of the sediment in the upper two contexts or 
alternatively that these contexts represent pedogenically altered sediment in a deposi-
tional hiatus (Tipping & Peters 1995). 
7.3.5 Summary of Kissonerga-Mosphilia Study 
Hysteresis ioops of 46 samples (35 sediments and 11 sources) from the archaeological 
site at Kissonerga-Mosphilia have been measured. The main variation between the 
sediments was found to be in the magnetic concentration. There is an overall decrease 
in the magnetic concentration from the topsoil to the bedrock. Unmixing of all the 
hysteresis ioops in terms of the different domain states of magnetite suggests that the 
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dominant domain state in the samples is SPM. Also from the unmixing results we 
observe a clear difference between the sediments and the sources on the basis of their 
paramangetic components. The sources have a lower paramagnetic component. These 
differences in magnetic concentrations could be an artifact of comparing measurements 
on the bulk source samples with measurements on the < 631hm particle size fractions 
of the sediments. No significant differences were found between the hysteresis loops of 
the different sources. Thus no attempt was made to quantitatively unmix the sediments 
in terms of the sources. However on the basis of the magnetic concentration alone it 
is believed that the upper two contexts are either a result of topsoil erosion or post 
depositional alteration. 
Chapter 8 
Deep Crustal Rocks 
8.1 KTB 
8.1.1 Introduction 
The origin of the magnetisation of the lower crust is still poorly understood e.g. Schnet-
zler & Allenby (1983), Schlinger (1985), Shive & Fountain (1988) and Shive et al. (1988). 
Magnetic anomalies of long wavelength are stronger than expected from the magneti-
sation of upper crustal rocks. Shive and others have suggested that lower crustal rocks 
must contain more magnetic minerals, e.g. sulphides, than found in surface rocks, these 
minerals being lost by oxidation and weathering in near surface conditions. Study of 
deep borehole samples could help elucidate the origin of this missing magnetisation. 
The pilot bore hole of the German Continental Deep Drilling Program (KTB) was 
drilled near Windischeschenbach in Eastern Bavaria. It was drilled to a depth of 4000m 
(de Wall & Worm 1993). It is one of the deepest boreholes ever drilled into the Earth. 
Research carried out on samples from the KTB pilot borehole core indicate that the 
dominant magnetic minerals in the rocks are pyrrhotite and magnetite (Pohi et al. 
1991). The main aim of this study of samples from the KTB was to see how effective the 
new qualitative and quantitative techniques of Chapters 4 and 5 are at discriminating 
185 
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between magnetite and pyrrhotite components in natural samples. 
8.1.2 Samples and Magnetic Measurements 
Fifteen rock samples from depths between 105m (ckl) and 3881m (ck15) from the pilot 
hole drill core were provided for magnetic analysis by Professor H. Soffel, Institut für 
Allgemeine und Angewandte Geophysic, München, Germany. 
susceptibility 












Figure 8.1. Variation of susceptibility with depth for the fifteen KTB samples. The 
units of susceptibility are 1am3 kg'. 
Initial susceptibility, ARM demagnetisation curves, IRM acquisition curves and hys-
teresis loops were measured for each of the fifteen rocks. The susceptibility and rema-
nence measurements were carried out on 2cm cylindrical cores. The hysteresis loops 
were measured on small chips of rock broken from the cylindrical cores after the rema- 
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fifteen samples. The top two samples have a much higher magnetic concentration than 
the lower samples. 
0 	20 	40 	60 	80 	100 
Field (mT) 
Figure 8.2. ARM demagnetisation curves for 12 of the KTB samples. 
Figure 8.2 shows the ARM demagnetisation curves for 12 of the KTB samples. 
The remaining three samples, ck8, ck9 and ckll, were magnetically too weak to obtain 
reasonable ARM demagnetisation data. The ARM demagnetisation curves of the 12 
samples show a very wide range of stabilities. These differences could be due to either 
variations in mineralogy or grain size. Sample ck7 is magnetically the hardest with an 
MDFARM of 42 mT. Ck15 is the softest with an MDFARM of 9 mT. Despite this large 
range in magnetic behaviour all 12 KTB curves shown in Figure 8.2 are within the range 
of ARM demagnetisation curves for the characterised minerals shown in Figure 2.9. 
Figure 8.3 shows the IRM acquisition curves for the same 12 KTB samples as plotted 
in Figure 8.2. The IRM acquisition curves also exhibit a wide range of stabilities. 
Again the magnetic properties are within the range of the characterised samples shown 
in Figure 2.12. Again we can see that sample ck7 is magnetically by far the hardest 
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Figure 8.3. IRM acquisition curves for 12 of the KTB samples. 
From the ARM demagnetisation curves and the IRM acquisition curves alone we 
can not say anything definite about the mineralogy of the samples. The ARM and 
IRM characteristics could be explained by a number of different magnetic minerals 
for example pyrrhotite, magnetite or titanomagnetite. The KTB samples, with the 
exception of ck7, appear to be dominated by soft magnetic minerals. 
Only six of the hysteresis loops of the 15 KTB samples exhibit clearly visible fern-
magnetic components. The other nine hysteresis loops are totally dominated by para-
magnetic minerals. Four examples of the hysteresis loops are given in the next section 
(Figures 8.5 - 8.8). 
8.1.3 Identification of Magnetic Minerals 
Attempts have been made to identify the magnetic mineralogy of the fifteen KTB sam- 
ples using the qualitative and quantitative techniques described in Chapters 4 and 5 
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respectively. First the qualitative technique is described. The biplot found to be the 
best for qualitatively discriminating between pyrrhotite and magnetite/titanomagnetite, 
namely the biplot of SIRMIX verses ARM 40mT/SARM (Figure 4.3), has been replot-
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Figure 8.4. Biplot of SIRMIX verses ARM 40,T/S ARM giving an indication of the 
mineralogy and domain state of the KTB samples. 
We can use the biplot in Figure 8.4 to look at the mineralogy and domain state of the 
KTB samples. From the biplot we can see that samples ck4 and ck5 contain pyrrhotite 
grains of PSD state. The majority of the samples, ckl, ck2, ck3, ck6, ck7, cklO and ck12. 
fall within the range of the characterised magnetite samples. A wide range of domain 
states are observed for these seven samples, from MD/PSD (ck2) to SD (ck7). Sample 
ck13 lies just outside the range of pure magnetites. A high paramagnetic component 
may have increased the susceptibility, thus reducing the SIRMIX ratio of this sample. 
The ferrimagnetic component of sample ck13 is thus likely to also be dornimated by SD 
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magnetite. Samples ck14 and ck15 plot between the magnetite and pyrrhotite samples. 
Thus it would appear from the biplot that these two samples are mixtures of pyrrhotite 
and magnetite. In summary, of the magnetically strongest 12 of the 15 KTB samples, 
two are predominantly pyrrhotite, eight are magnetite, and two are magnetite and 
pyrrhotite mixtures. 
Secondly the hysteresis loops of the 15 KTB samples have been unmixed in terms of 
magnetite and pyrrhotite components using the technique described in Section 5.5. Four 
examples of the hysteresis loop data and the unmixing models are shown in Figures 8.5 
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Figure 8.5. Results of unmixing sample ckl in terms of magnetite and pyrrhotite. 
The hysteresis loop of sample ckl, as shown in Figure 8.5, has a definite "knee" 
shaped approach to saturation. In addition the hysteresis loop is not very steep in 
low fields. These two features indicate that the sample is dominated magnetically by 
magnetite. The results from the unmixing algorithm confirm that magnetite is the 
dominant mineral. The results indicate that there is twice the mass of magnetite as 
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pyrrhotite. We must, however, take into consideration that magnetite is five times as 
magnetic as pyrrhotite. Thus on the basis of magnetisation, there is ten times as much 
magnetite as pyrrhotite in sample ckl. 
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Figure 8.6. Results of unmixing sample ck4 in terms of magnetite and pyrrhotite. 
Figure 8.6 shows the results of unmixing the hysteresis loop of sample ck4 in terms 
of magnetite and pyrrhotite components. The hysteresis ioop of sample ck4 is steep 
in low fields, has a curved approach to saturation, and is more open than the loop 
of Figure 8.5. The unmixing results indicate pyrrhotite as the dominant magnetic 
mineral. Considering again the difference in intensity of magnetisation of magnetite 
and pyrrhotite, the results from the unmixing algorithm indicate that four times the 
amount of magnetisation is from the pyrrhotite component in comparison with the 
magnetite component. 
The positive gradient of the linear hysteresis ioop of sample ck13, shown in Fig-
ure 8.7, indicates the sample is dominated by paramagnetic minerals and that very lit-
tle ferrimagnetic grains are present. The results of the unmixing algorithm do however 
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Figure 8.7. Results of unmixing sample ckl3 in terms of magnetite and pyrrhotite. 
indicate a small ferrimagnetic component composed of both magnetite and pyrrhotite 
grains. The ferrimagnetic component is only just evident in the hysteresis loop as a 
slight infiexion near the origin. Thus the only definite thing we can conclude from the 
unmixing of sample ck13 is that it is dominated by paramagnetic minerals. 
Sample ck14, as shown in Figure 8.8, has a high paramagnetic component, but 
a ferrimagnetic component is also clearly evident. The unmixing algorithm indicates 
that the magnetisation of the ferrimagnetic component is due to approximately equal 
amounts of magnetite and pyrrhotite. 
The results of quantitatively unrnixing the fifteen KTB rocks, in terms of magnetite 
and pyrrhotite components, are summarised in Figure 8.9. The proportions of pyrrhotite 
and magnetite are plotted for each sample. Samples with relative magnetisation ratios 
of 3:1 or greater are defined to be pyrrhotite or magnetite. The main diagram shows that 
the dominant magnetic mineral in sample ck4 is pyrrhotite, whereas samples ckl and ck2 
are dominated by magnetite. These three samples are magnetically the strongest of the 
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Figure 8.8. Results of unmixing sample ck14 in terms of magnetite and pyrrhotite. 
15 KTB samples studied. The inset diagram shows more clearly those samples plotting 
close to the origin. We can see from the inset diagram that samples cklO, ck14 and 
ck15 are mixtures of magnetite and pyrrhotite. The region enclosed by the dotted line 
indicates samples with very low ferrimagnetic components which exhibit predominantly 
paramagnetic hysteresis loops. 
8.1.4 Other Measurements 
Additional thermomagnetic measurements and X-ray diffraction were carried out on the 
15 KTB samples by Mair (1993). The X-ray diffraction method proved unsuccessful in 
identifying any magnetic minerals in any of the samples despite magnetic extracts being 
used. This was due to the coarse grain size of the rocks and the low magnetic contents. 
The thermomagnetic analysis proved more successsful. Magnetic extracts of twelve of 
the fifteen samples were run on the Edinburgh Curie Balance. Samples ck8, ck9 and 




















































Figure 8.9. Biplot of magnetite and pyrrhotite components calculated by the unmixing 
algorithm. Inset : samples plotting close to the origin. 
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seven exhibited Curie temperatures. The other five samples were characteristic of para-
magnetic minerals. Figure 8.10 shows the thermomagnetic data obtained by Mair (1993) 
for ckl and ck7. Figure 8.10 (a) clearly indicates the presence of magnetite in ckl, 
whereas the two Curie temperatures in Figure 8.10 (b) indicate the presence of both 
pyrrhotite and magnetite in ck7. Of the other five KTB samples which exhibited Curie 
temperatures, the thermomagnetic curves of ck2 and ck14 indicated the presence of only 
magnetite, and the thermomagnetic curve of ck4 indicated only pyrrhotite. The ther-
momagnetic curve of cklO exhibited two Curie temperatures characteristic of pyrrhotite 
and magnetite. Finally three Curie temperatures were observed in the thermomagnetic 
curve of ck15. Two of the Curie temperatures corresponded to pyrrhotite and mag-
netite. The third Curie temperature was observed at 740°C, the mineralogy of which 
was uncertain. 
(a) 	 ckl 	 (b) 	 ck7 
0 	 200 	400 	600 
	
0 	200 	400 	600 
Temperature C) Temperature CC) 
Figure 8.10. Two examples of the thermomagnetic curves obtained by Mair (1993). 
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8.1.5 Discussion 
Table 8.1 summarises the results of the magnetic mineral identification from the three 
independent magnetic techniques used i.e. (i) the qualitative biplot of SIRMIX verses 
ARM 40mT/SARM, (ii) the quantitative identification from the hysteresis ioop unmixing 
algorithm and (iii) the thermomagnetic results from Mair (1993). If we first consider 
the results obtained for the six magnetically strongest samples, ckl, ck2, ck4, cklO, ck14 
and ck15. We can see that all three techniques suggest that the dominant magnetic 
mineral in samples ckl and ck2 is magnetite. Similarly all three techniques suggest 
the magnetic mineralogy of ck4 to be pyrrhotite. Sample ck15 is found by all three 
techniques to contain a mixture of magnetite and pyrrhotite. An additional magnetic 
component, of uncertain mineralogy, was also identified in the thermomagnetic analysis 
of ck15. The hysteresis loop unmixing and the thermomagnetic analysis indicate that 
sample cklO contains a mixture of magnetite and pyrrhotite. CklO plots within the 
magnetite range on the SIRMIX verses ARM 40mT/SARM biplot. However it does 
plot towards the upper limit of the magnetite range and it is very possible that it is 
infact a mixture of magnetite and pyrrhotite. The qualitative and quantitative unmixing 
techniques have both identified magnetite and pyrrhotite as being present in ck14. The 
thermomagnetic analysis has only identified magnetite. The discrepancy could simply 
be a result of the inhomogeneity of the sample, and that the magnetic extract used in 
the thermomagnetic analysis is not representative of the whole sample used in the other 
magnetic measurements. 
If we now consider the other six samples for which all the measurements were possi-
ble, ck3, ck5, ck6, ck7, ck12 and ck13. We can see from Table 8.1 that the quantitative 
unrnixing of the hysteresis loops and the thermomagnetic analysis both indicate that 
the samples are dominated by paramagnetic minerals. Ferrimagnetic minerals have been 
identified by the qualitative technique of the SIRMIX verses ARM 40mT/SARM biplot. 
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Table 8.1. Summary of magnetic mineralogies found using different techniques. The 
thermomagnetic results are from Mair (1993). "Mixture" refers to mixtures of magnetite 
and pyrrhotite. The mineralogies given in brackets under the heading of hysteresis loops 











ckl magnetite magnetite magnetite 
ck2 magnetite magnetite magnetite 
ck3 magnetite paramagnetic paramagnetic 
(mixture/magnetite) 
ck4 pyrrhotite pyrrhotite pyrrhotite 
ck5 pyrrhotite paramagnetic paramagnetic 
(mixture) 
ck6 magnetite paramagnetic paramagnetic 
(mixture) 
ck7 magnetite paramagnetic mixture 
(pyrrhotite) 
ck8 ? paramagnetic 
(magnetite) 
ck9 ? paramagnetic ? 
(mixture) 
cklO magnetite mixture mixture 
ckll ? paramagnetic 
(mixture/magnetite) 
ck 12 magnetite paramagnetic par amagnetic 
(pyrrhotite) 
ck13 magnetite paramagnetic paramagnetic 
(mixture/magnetite) 
ck14 mixture mixture magnetite 
ck15 mixture mixture mixture +? 
Chapter 8. Deep Crustal Rocks 	 198 
Additionally very weak ferrimagnetic components were identified by the hysteresis ioop 
unrnixing technique. Unfortunately the identification of the ferrimagnetic components of 
these six magnetically weak samples are not always consistent e.g. the qualitative biplot 
has identified magnetite to be the dominant magnetic mineral in both ck7 and ck12, 
whereas the quantitative unmixing technique has identified pyrrhotite in both samples. 
The discrepancy in these two samples could be explained by the high paramagnetic 
component significantly reducing the value of SIRMIX thus the samples plot within 
the magnetite range on the qualitative biplot rather than higher up in the pyrrhotite 
range. Overall it is difficult to decide which magnetic technique is the more successful 
and reliable when analysing samples with low ferrimagnetic and high paramagnetic 
components. A better idea of which technique is more successful could be obtained by 
remeasuring the weaker samples using the exact same chip of rock for the susceptibility, 
remanence, and hysteresis loop measurements, and then crushing the chip and using 
the magnetic extract for the thermomagnetic analysis. Thus hopefully eliminating the 
inhomogeneity of the samples, which does appear to be a problem with the KTB samples. 
From Table 8.1 we can only conclude that samples ck8, ck9 and ckll are dominated by 
paramagnetic minerals on the basis of their hysteresis loops. 
8.1.6 Summary of KTB Study 
The magnetic mineralogy of fifteen samples from the KTB pilot borehole core were 
analysed using three independent magnetic techniques, (i) a qualitative technique (cf 
Chapter 4) using susceptibility and remanent magnetisation data, (ii) a quantitative 
hysteresis loop uninixing technique (cf Chapter 5) and (iii) thermomagnetic analysis 
(Mair 1993). On the basis of their magnetic concentrations the samples have been 
divided into three groups. 
In the first group the three weakest samples, ck8, ck9 and ckll could only be con-
firmed as containing paramagnetic minerals from the hysteresis loops. Thermomagnetic 
analyses, even on magnetic extracts, were not possible for the samples (Ma.ir 1993). The 
Chapter 8. Deep Crustal Rocks 	 199 
only conclusion we could make based on the measurements of these three samples was 
that the hysteresis loop measurements were more sensitive than the thermomagnetic 
measurements for determining the magnetic mineralogy of coarsely crystaline rocks. 
The second group of samples, ck3, ck5, ck6, ck7, ck12 and ck13 were all dominated 
by paramagnetic minerals, but small proportions of ferrimagnetic minerals were also 
present. The ferrimagnetic components were most clearly seen in the qualitative and 
quantitative techniques. It was uncertain how much the paramagnetic components 
of these samples contributed to the x values. The paramagnetic contributions may 
have been large enough to significantly reduce the SIRMIX ratios so that pyrrhotite 
dominanted samples, as deduced from the qualitative biplot approach, might infact 
have appeared to be dominated by magnetite. Thus it appeared that the hysteresis 
loop unmixing technique was more accurate in identifying the ferrimagnetic mineralogy 
of weak samples. This could not however be confirmed by thermomagnetic analysis. 
The third group of six samples, ckl, ck2, ck4, cklO, ck14 and ck15 all exhibited large 
enough ferrimagnetic components to be identified by all three magnetic techniques. On 
the whole very good agreement was found between the three techniques. All three 
techniques were able to identify two magnetite dominated samples (ckl and ck2), one 
pyrrhotite dominated sample (ck4) and three samples which contained mixtures of mag-
netite and pyrrhotite (cklO, ck14 and ck15). 
Although the KTB deep borehole rocks do indeed contain magnetic suiphides as 
well as magnetic oxides the concentrations are still moderately low and do not reach the 
values of 5Am' that are needed for lower crustal units to be the source for long wave-
length aeromagnetic anomalies or satellite measurements. The origin of deep crustal 
magnetisation remains a mystery. 
Chapter 9 
Discussion and Conclusions 
9.1 Hysteresis Loop Unmixing 
One major advantage of using hysteresis ioop data rather than x and remanence data, for 
quantitative unmixing purposes, is the ability to quantify the paramagnetic components. 
As seen in the example of Lake Bussjö (Section 6.3), it was not possible to discriminate 
between different soil types or particle sizes based on the magnetic minerals alone. 
However calculation of the paramagnetic components showed a clear distinction between 
the different particle sizes. The ability to quantify paramagnetism has great potential 
for grain size based studies which otherwise show limited variation in magnetic minerals. 
The ability of the mineral unmixing algorithm to estimate the concentration and 
volume of SPM components is very pleasing. Figure 9.1 (a) shows the range of SPM 
volumes calculated for 128 hysteresis loops of sediments and soils from the archaeological 
sites on Orkney and Cyprus, and Figure 9.1 (b) shows the range for 194 hysteresis loops 
from the Jackmoor Brook and Lake Bussjö catchments. An additional 32 samples 
from Jackmoor Brook and Lake Bussjö and the Cyprus subsoil plotted outwith the 
ranges of the graphs. It is very interesting to note the distribution of SPM volumes 
of the archaeological samples. The unmixing algorithm consistently selected grain sizes 
between 80 and 95A for all 128 archaeological samples. In comparison the SPM volumes 
200 
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selected for the samples from Jackmoor Brook and Lake Bussjö show a much larger 
distribution, from 59A to grain sizes greater than the 300A SPM/SD limit of magnetite. 
Unmixing of the natural samples from all the studied sites indicates that the mineral 
unmixing algorithm can successfully distinguish between SPM grains and MD grains 
using only room temperature magnetic measurements. Distinguishing between SPM and 
MD grains using only room temperature magnetic measurements has been a problem 
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Figure 9.1. SPM volume distribution for (a) Cyprus and Orkney and (b) Jackmoor 
Brook and Lake Bussjö. In (a) each bar represents a volume increase of 0.005 x 10 23m3 
and in (b), 0.05 x 10 23m3 . Note that all of diagram (a) fails in the range of one of the 
columns of (b). 
The newly developed hysteresis loop unmixing algorithm can identify and quantify 
a current maximum of ten components. This is more sensitive and efficient than previ- 
ously published quantification techniques based on x and remanence data. Thompson 
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(1986) unmixed x and remanence data in terms of just two minerals (magnetite and 
haematite). Robertson & France (1994) were able to identify three components (mag-
netite, haematite and goethite) using IRM acquisition data. The greater efficiency of 
the hysteresis loop unmixing algorithm is attributed to (i) the larger number of data 
points used and (ii) it being unneccessary to scale the measurements as they were all 
acquired using one piece of equipment. 
9.2 Comparison between Different Unmixing Techniques 
Independent comparisons involving different unmixing techniques, measurements and 
research workers can only be carried out at two sites, namely Lake Bussjö and Jackmoor 
Brook. The previous qualitative unmixing carried out on Lake Bussjö by Dearing et 
al. (1990) was based on 35 soil samples collected from 20 sites within the catchment. 
Dearing et al. (1990) measured Xfd  and HIRM of bulk, clay and coarse silt samples. 
The measurements indicated differences between topsoil and subsoil and hence showed 
differences in erosion patterns within the lake catchment. In comparison in this study 
18 samples were collected from seven sites within the catchment. Measurements of 
hysteresis loops of a range of particle size distributions indicate no difference between 
topsoils and subsoils. The quantitative unmixing of the sediment hysteresis ioops in 
terms of the possible sources suggest that magnetite dissolution has occured in the lower 
part of the lake sediment sequence. Overall these two independent studies propose quite 
different interpretations of the mineral magnetic record carried by the lake sediments. 
These major differences are very surprising. Without analysing a set of samples using 
both techniques no complete explanation can be given for the differences. Possible 
explanations might be related to differences in the catchment soil sampling, although in 
both studies samples were collected from a wide area within the catchment and at a range 
of depths. Alternatively the differences might relate to the particular measurements used 
in the two studies. If there is indeed a difference between the topsoils/subsoils due to the 
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presence of high haematite components in the subsoil samples, this would suggest that 
the HIRM/Xfd parameter used by Dearing et al. (1990) is more effective at identifying 
the haematite component than using hysteresis loops. However all the results presented 
in Chapters 5 to 8 of this study suggest that the hysteresis loop unrnixing technique is 
actually very efficient at identifying different magnetic components and is probably the 
more accurate of the two approaches. 
The two independent studies on the Jackmoor Brook catchment are both able to 
distinguish between the magnetic properties of topsoil and subsoil sources. The study 
of Oldfield et al. (1979) did however manage to further divide the topsoils into wood-
land and cultivated sources on the basis of their x and DC demagnetisation of SIRM 
measurements. No such division was observed in the hysteresis loop measurements of 
this study (Section 6.2). Two bulk woodland topsoil samples were measured by Old-
field et al. (1979). In comparison 40 hysteresis loops of bulk and different particle sized 
woodland sources were measured in this study. Only two of the hysteresis loops (the 
two finest particle size fractions of woodland site 5) showed similar high concentrations 
to those measured by Oldfield et al. (1979). This suggests that the division observed 
by Oldfield et al. (1979) between the woodland and cultivated topsoils occured because 
the limited number of woodland samples measured were not totally characteristic of the 
possible range of magnetic properties of the woodland soils. 
This comparison of the studies carried out on the Jackmoor Brook and Lake Bussjö 
catchments suggests that at the outset of any new mineral magnetic source identifi-
cation study very careful consideration must be given to the catchment soil sampling. 
Ideally a large number (depending on the size of the catchment) of soil samples should 
be collected from a range of depths and soil types. The magnetic measurements and 
subsequent analysis should be carried out on different particle size fractions of the soils. 
Although these suggestions would appear to generate much time consuming work, the 
centrifugation method developed in this study now enables soils to be split much more 
rapidly than the standard settling technique. Additionally the new source unmixing 
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algorithm can cope very efficiently with a large number of end-members. 
9.3 Mineralogy 
x ARM and IRM data is useful for rapid identification of the magnetic mineralogy of 
natural samples. Different magnetic parameters are required to identify each mineral. 
No single magnetic parameter or simple combination of parameters was found to success-
fully distinguish between magnetite, haematite, pyrrhotite and greigite. In comparison 
these four minerals can be clearly identified using hysteresis ioop data. Each mineral 
has distinct hysteresis characteristics. Thus using complete hysteresis loops rather than 
simple magnetic ratios enables clear identification of all four magnetic minerals. 
9.4 Conclusions 
Biplots based on natural characterised magnetic minerals are useful for a rapid esti-
mate of the mineralogy of unknown natural samples. Magnetite/titanomagnetite, 
haematite, pyrrhotite and greigite can be identified using biplots of susceptibility 
and remanence data. 
Discriminant analysis is useful for identifying between (i) magnetite and titano-
magnetite, and (ii) different sediment types. 
Hysteresis loops can be quantitatively unmixed. 
Quantitative hysteresis loop unmixing can be carried out in terms of two types of 
end-members, (i) magnetic minerals in which it is possible to identify ten individ-
ual components comprising of two extreme hysteresis loops of each of magnetite, 
haematite, pyrrhotite and greigite, and also superparamagnetic and paramagnetic 
components and (ii) sediment sources. 
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Quantitative unmixing was successfully carried out on two catchments. Mineral 
unrnixing helped to classify (i) topsoil/subsoil sources from Jackmoor Brook based 
on magnetite and haematite components and (ii) differences in the particle size 
fractions of soils from Lake Bussjö on the basis of their paramagnetic components. 
The results of the source unmixing indicate that the suspended sediments from 
Jackmoor Brook contain approximately 12% subsoil and that magnetite dissolu-
tion has occured in the lower section of the Lake Bussjö sediment sequence. 
The ability of the mineral unmixing algorithm to distinguish between superpara-
magnetic and multi-domain magnetite was highlighted in the mineral uninixing of 
the hysteresis loops from the archaeological sites of Papa Westray and Kissonerga-
Mosphilia. 
The use of three independent magnetic identification techniques (quaJitative, quan-
titative and thermomagnetic) have confirmed the presence of magnetite and pyrrhotite 
grains in deep crustal rocks from the German KTB pilot borehole core. 
Further research is required to fully understand the variation of the magnetic 
properties of both haematite and greigite with grain size. 
The mineral and source unmixing techniques have great potential for future envi-
ronmental and geological studies. 
Appendix A 
Data 
Summary of magnetic measurements on characterised iron oxides and suiphides (Ta-
bles A.1 to A.4), and hysteresis loop measurements on the eight iron oxide and suiphide 
end-members used in Chapters 5 to 9 (Table A.5). 
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Table A.1. Susceptibility and remanence data of iron oxides. 
Sample x ARM ARM 40mT IRM601nT SIRM 
tm3 kg' mAm 2 kg' mAm 2 kg' mAm 2 kg' mAm 2 kg 1 
CM3 316.02 3.55 0.23 235.0 278.1 
CM4 165.82 4.25 0.18 153.9 192.2 
CM5 88.06 5.58 0.53 237.0 248.2 
CM9 25.15 ? ? 123.5 145.2 
CM10 139.62 0.992 0.024 41.7 46.6 
CM12 0.20 0.023 0.008 1.63 4.94 
CM15 5.84 4.30 1.51 87.1 157.4 
CM16 0.67 0.149 0.029 5.642 10.075 
CM17 0.39 0.079 0.022 3.459 5.949 
CM18 0.79 0.186 0.065 6.591 11.819 
CM19 1.77 0.476 0.107 15.416 29.209 
CM20 4.80 1.812 0.320 78.31 98.93 
CM21 7.08 1.394 0.229 68.17 100.52 
CM22 20.12 5.200 1.291 207.67 295.26 
CM31 0.51 0.510 0.076 16.06 22.83 
CM32 0.61 2.064 0.929 18.68 30.45 
CM33 8.16 4.927 2.464 122.8 658.9 
CM34 5.22 2.520 0.529 53.49 243.1 
CM35 5.11 3.262 0.979 91.65 366.2 
CT6 3.76 2.636 0.40 76.05 87.30 
CT7 17.86 10.89 1.63 235.0 264.9 
CT8 3.11 11.80 2.83 70.82 104.8 
CT9 22.08 6.28 0.75 278.2 327.4 
CT10 0.48 1.79 0.59 23.56 57.62 
CT11 8.48 1.98 0.18 59.32 69.76 
CM1 2.69 9.82 4.05 67.4 112.0 
CM2 1.03 3.74 1.88 37.2 94.8 
CM13 2.51 1.64 0.80 10.24 42.49 
CM14 0.88 0.841 0.32 13.82 16.80 
CH1 0.20 - - 23.6 166.9 
CH3 0.28 - - 0.4 135.0 
CH4 0.28 - - 1.9 159.9 
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mAm 2 kg' 
IRM6 T 
mAm 2 kg 1 
SIRM 
mAm 2 kg 1 
CP1 18.85 13.04 0.31 538.4 602.4 
CP2 17.97 48.81 6.12 2770.5 3909.7 
CP3 1.41 3.56 0.14 156.2 210.8 
CP5 10.80 16.85 1.02 752.4 860.0 
CP8 59.38 27.20 0.50 1172.2 1280.8 
CP9 0.94 9.02 0.48 295.9 345.0 
CP1O 1.86 3.22 0.14 151.1 214.8 
CP11 135.87 29.08 0.00 618.5 618.5 
CP12 3.0 17.8 16.6 209.3 2990.0 
CP13 2.0 6.45 4.45 188.0 940.0 
CG1 0.91 0.61 0.43 7.23 72.3 
CG2 0.85 1.04 0.82 7.43 92.9 
CG3 0.33 0.38 0.32 3.12 39.8 
CG4 0.10 0.13 0.09 0.95 7.9 
CG5 0.62 0.86 0.73 6.17 84.5 
CG6 0.15 0.26 0.19 2.30 13.6 
CG7 0.38 0.47 0.33 4.9 25.6 
CG8 0.43 0.53 0.28 7.9 29.7 
CG9 0.32 0.34 0.20 5.2 22.6 
CG10 0.63 0.70 0.33 12.8 38.8 
CG11 0.26 0.28 0.19 2.86 17.0 
CG12 0.23 0.27 0.19 3.1 16.6 
CG13 0.20 0.24 0.17 2.7 15.3 
CG14 0.19 0.19 0.12 2.3 11.6 
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Table A.3. Magnetisation and coercivity data for the iron oxides. 
Sample Mr/Mj (B 0 ) 	 (B o ) cr  
(mT) (mT) 
CM3 0.0005 0.1 	15.0 
CM4 0.01 0.3 16.1 
CM5 0.02 1.5 	16.4 
CM9 0.03 4.0 20.0 
CM10 0.002 0.4 	15.0 
CM12 0.16 18.6 60.0 
CM15 0.21 15.5 	45.0 
CM16 0.10 10.6 37.5 
CM17 0.14 11.2 	42.5 
CM18 0.12 10.5 42.5 
CM19 0.12 11.2 	42.5 
CM20 0.13 9.8 25.0 
CM21 0.15 12.6 	30.0 
CM22 0.07 7.2 30.0 
CM31 0.27 22.2 	35.0 
CM32 0.34 20.5 42.0 
CM33 0.37 34.3 	69.5 
CM34 0.17 23.1 69.5 
CM35 0.23 26.7 	61.5 
CT6 0.15 10.0 20.0 
CT7 0.12 7.4 	18.0 
CT8 0.30 20.5 41.0 
CT9 0.10 6.0 	14.5 
CT10 0.52 36.2 67.0 
CT11 0.01 4.4 	13.0 
CM1 0.39 24.6 47.5 
CM2 0.48 46.1 	75.0 
CM13 0.24 17.2 102 
CM14 0.14 9.9 	25.0 
CH1 0.44 131.0 185 
CH3 0.37 201.1 	530 
CH4 0.35 241.2 520 
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Table A.4. Magnetisation and coercivity data for the iron sulphides. 
Sample M1M3 f (B 0 ) 	 (B a) c.r  
(mT) (mT) 
CP1 0.20 7.3 	14.4 
CP2 0.25 13.1 30.0 
CP3 0.39 24.5 	19.1 
CP5 0.30 11.5 15.7 
CP8 0.12 5.7 	13.0 
CP9 0.42 25.9 14.3 
CP10 0.36 16.6 	26.3 
CP11 0.02 0.5 15.9 
CP12 0.50 70.5 	94.0 
CP13 0.50 75.2 94.0 
CG1 0.40 39.0 	76.0 
CG2 0.49 46.1 85.0 
CG3 0.56 47.7 	78.0 
CG4 0.43 39.7 80.0 
CG5 0.53 53.3 	81.0 
CG6 0.41 36.7 73.0 
CG7 0.39 29.8 	68.0 
CG8 0.39 30.2 62.0 
CG9 0.39 31.1 	66.0 
CG10 0.36 26.5 56.0 
CG11 0.36 29.6 	73.0 
CG12 0.48 34.5 70.0 
CG13 0.49 35.6 	69.0 
C014 0.45 30.9 67.0 
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Table A.5. Hysteresis loop mineral end-member data. The units are Am 2 kg 
Field ml m2 hi 
(mT)  
h2 p1 p2 gi g2 
1000 92.0 92.0 0.500 0.500 17.0 17.0 20.0 20.0 
700 92.0 92.0 0.418 0.431 17.0 17.0 20.0 20.0 
500 92.0 92.0 0.357 0.376 17.0 16.5 20.0 19.8 
450 91.4 92.0 0.341 0.364 16.9 16.2 20.0 19.8 
400 90.7 91.7 0.325 0.350 16.8 15.9 19.9 19.7 
350 89.6 91.2 0.309 0.337 16.7 15.6 19.8 19.5 
300 87.9 90.4 0.292 0.324 16.5 15.1 19.5 19.3 
275 86.9 89.6 0.284 0.317 16.3 14.9 19.4 19.1 
250 85.6 88.5 0.276 0.310 16.1 14.7 19.2 19.0 
225 84.1 86.8 0.267 0.304 15.9 14.4 19.0 18.8 
200 82.6 84.1 0.259 0.297 15.7 14.1 18.8 18.7 
175 80.0 79.7 0.249 0.290 15.3 13.8 18.5 18.3 
150 77.5 73.5 0.240 0.283 15.0 13.4 18.2 18.0 
125 74.5 64.7 0.230 0.276 14.5 13.0 17.6 17.4 
100 70.7 53.4 0.222 0.268 14.1 12.3 17.3 17.2 
90 67.3 49.7 0.217 0.265 13.8 12.0 16.8 16.6 
80 65.1 44.1 0.213 0.262 13.4 11.7 16.5 16.2 
60 59.5 35.0 0.205 0.256 12.8 10.8 15.8 15.3 
40 52.6 23.0 0.197 0.249 12.0 9.6 14.9 14.0 
20 44.0 12.9 0.189 0.243 11.0 6.9 13.6 11.8 
0 29.5 0.5 0.177 0.234 9.7 1.4 12.3 7.7 
-20 14.3 -12.4 0.170 0.219 8.4 -4.2 10.0 2.8 
-40 -4.3 -23.2 0.161 0.192 5.9 -8.8 4.9 -3.7 
-60 -23.9 -34.5 0.151 0.148 2.6 -10.6 -2.7 -10.6 
-80 -40.6 -43.7 0.141 0.110 -0.8 -11.5 -8.2 -14.2 
-90 -45.7 -48.3 0.136 0.087 -2.0 -11.8 -11.1 -15.2 
-100 -52.7 -52.9 0.130 0.066 -4.3 -12.1 -13.6 -16.1 
-125 -64.5 -63.8 0.115 0.012 -8.0 -12.7 -16.3 -17.3 
-150 -71.7 -73.4 0.098 -0.038 -10.3 -13.2 -17.4 -17.8 
-175 -76.4 -79.9 0.079 -0.084 -11.9 -13.6 -18.0 -18.2 
-200 -79.8 -84.2 0.054 -0.122 -13.0 -14.0 -18.5 -18.5 
-225 -82.3 -86.8 0.022 -0.158 -13.8 -14.3 -18.8 -18.7 
-250 -84.2 -88.6 -0.014 -0.190 -14.4 -14.6 -19.1 -19.0 
-275 -85.8 -89.6 -0.056 -0.216 -15.0 -14.9 -19.3 -19.1 
-300 -87.0 -90.3 -0.096 -0.239 -15.4 -15.1 -19.4 -19.3 
-350 -88.9 -91.2 -0.165 -0.277 -15.9 -15.5 -19.7 -19.5 
-400 -90.1 -91.7 -0.218 -0.308 -16.3 -15.9 -19.9 -19.6 
-450 -91.0 -91.9 -0.260 -0.333 -16.6 -16.2 -20.0 -19.7 
-500 -91.8 -92.0 -0.312 -0.360 -16.8 -16.5 -20.0 -19.8 
-700 -92.0 -92.0 -0.409 -0.431 -17.0 -17.0 -20.0 -20.0 
-1000 -92.0 -92.0 -0.500 -0.500 -17.0 -17.0 -20.0 -20.0 
Appendix B 
Cent rifugat ion 
The method used to split soil samples into different particle sizes was a combination of 
sieving and centrifuging. 




Anything greater than 2000 ttm in size (including worms) was discarded. 
Centrifugal settling was used for smaller particle sizes. Knowledge of the gravita-
tional settling times enabled rough estimates of centrifugal times for particular speeds. 
(A more accurate determination of times and speeds can be obtained using the compu-
tational method of Poppe et al. (1988)). 
Problems that were encountered in using the centrifuge were (i) the "time" that is 
set not only covers the spin time at the maximum revs/mm, but it also includes the 
time for it to reach the required speed, (ii) there is also an overshoot in the speed and 
(iii) it does not seem that an accurate split at 16 jim can be obtained because the spin 
time is too short to be accurately achieved. 
From particle size analysis results the following times and speeds were chosen 
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(maximum acceleration (9) and maximum braking (9) ) 
10 jtm 	300 revs/min 	3 mins 
2 jm 	1800 revs/min 	2.4 mins 
centrifuging the sample between splits 
3600 revs/min 	12 mins 
A maximum of six repeated splits at each particle size were carried out. The effi-
ciency of the technique in splitting a bulk sample into four size fractions is shown in 
Figure B.1. Laser granulometry particle size measurements were carried out on (i) the 
bulk sample and (ii) the four particle size splits. 
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Figure B.1. Particle size (nm) analysis results for a soil sample split using the method 
of sieving and centrifuging. 
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